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Fully Distributed Multi -Material Magnetic Sensing Structures for Multiparameter DAS 

Applications 

Zachary Daniel Hileman 

ABSTRACT 

This dissertation demonstrates the first of its kind distributed magnetic field sensor based on a 

fiber optic distributed acoustic sensing (DAS) scheme. Ferromagnetic nickel and Metglas® were 

dispersed internally within a fiber optic preform and then drawn on an in-house fiber optic draw 

tower to lengths in the kilometers. Due to the close proximity of the ferromagnetic metals and 

fiber optic core, the magnetostrictive strain response of the ferromagnetic materials when 

exposed to a magnetic field would perturbate within the fiber cladding and transfer that strain, 

internally, to the fiber optic core. Strain resulting from the magnetostrictive effect allows the 

DAS based sensor to accurately translate strain into readable magnetic field data. Due to the high 

sensitivity seen in this sensor design, multiparameter sources, acoustic and magnetic fields, were 

tested and validated and a three dimensional magnetic-field vector sensor was proposed.  

Numerical analysis of the novel sensor design was first implemented using COMSOL 

Multiphysics, where inputs such as magnetostrictive element shape, size, distance, and number 

were first investigated. Upon optimizing system constraints, the sensor design was further 

modified such that single mode operation was consistent across multiple fiber draws while 

retaining high strain transfer from the ferromagnetic elements to the fiber optic core. 

Ferromagnetic material selection was evaluated as a function of the saturation magnetostriction 

constants and a total of 4 modules were used to fully characterize the complex physics involved 

in this sensor design. 

All fabrication and testing were performed in-house using a full scale 3-story fiber draw tower 

and custom environmental testing stations to imitate naturally occurring events such as magnetic 

or acoustic point sources. A unique stacking method was used to embed ferromagnetic nickel 

and Metglas® into a fiber optic preform which when combined with a custom fiber draw process 

resulted in consistent multi-material fibers drawn to lengths of 1-km. In-house testing facilities 

included different types of electromagnetic generators, in addition to a soil test bed, and an 

outdoor test bed which allowed 100 meters of fiber to be tested simultaneously.  

All tested sensors demonstrated high strain transfer capabilities on the order of πȢπρρπ ‘‭ 
depending on the materials used, ferromagnetic rod number, and core to metal spacing. Due to 

the sensitivity of the system the difference between AC and DC was distinct, and directional 

magnetostriction was studied. Transverse and longitudinal magnetic wave propagation was 

controlled through a solenoid and rectangular Helmholtz coil, both built in-house. A three-

dimensional magnetic field vector sensor was proposed due to the success of the magnetic field 

sensor, and a design was proposed and initially tested to validate direction as a function of field 

strength and distance.  



To summarize, this dissertation explores the first fully distributed magnetic field sensor using 

DAS based techniques and one of the first multi-material fiber draw processes which can 

produce consistent single mode fiber up to 1-km. Due to extensive FEA modeling, multiple 

iterations of the magnetic sensor were fully characterized and an equation describing the 

relationship between sensor design and strain transfer has been created and validated 

experimentally. Multi -parameter tests including acoustic and magnetic fields were implemented 

and an algorithm was developed to separate the mixed signals. Finally, a test was performed to 

demonstrate the feasibility of sensing magnetic fields directionally. Cumulative results 

demonstrate a high-quality sensor alternative to current designs which may surpass other 

magnetic sensors due to innate multi-parameter capabilities, in addition to the inexpensive 

production cost and extremely long operating lengths.    
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General Audience Abstract 

This dissertation demonstrates the first of its kind distributed magnetic field sensor based on a 

fiber optic distributed acoustic sensing (DAS) scheme. Ferromagnetic nickel and Metglas® were 

dispersed internally within a fiber optic preform and then drawn on an in-house fiber optic draw 

tower to lengths in the kilometers. Due to the close proximity of the ferromagnetic metals and 

fiber optic core, the magnetostrictive strain response of the ferromagnetic materials when 

exposed to a magnetic field would perturbate within the fiber cladding and transfer that strain, 

internally, to the fiber optic core. Strain resulting from the magnetostrictive effect allows the 

DAS based sensor to accurately translate strain into readable magnetic field data. Due to the high 

sensitivity seen in this sensor design, multiparameter sources, acoustic and magnetic fields, were 

tested and validated and a three dimensional magnetic-field vector sensor was proposed.  

Numerical evaluation of the sensing structure was perused before experimental testing using 

COMSOL Multiphysics. Experimental and numerical evaluations were compared and showed a 

high degree of certainty which allowed expedited design modifications. Sensor characterization 

included scanning electron microscopy, and electron diffraction spectroscopy, which provided 

insight into material composition and fiber polishing quality. Due to the high-quality results 

attained in the combined acoustic and magnetic field tests, a final design was proposed to gather 

magnetic field data as a vector, showing both magnitude and direction. The 3D magnetic field 

vector sensor was partially validated based on a test which compared intensity with distance and 

a design and methodology was proposed to fully test and characterize this design. 

To summarize, a novel magnetic field sensor, capable of multi-parameter sensing, was proposed 

and tested experimentally and numerically resulting in a robust and highly sensitive design. The 

work presented here provides some of the first insights into multi-material fiber fabrication, an 

equation which provides an estimated relationship between magnetostrictive strain transfer onto 

a fiber optic core and the perceived DAS based sensor results, as well as a first of its kind multi-

parameter distributed acoustic and magnetic field sensor.  
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1. INTRODUCTION AND MOTIVATION  
 

1.1 MOTIVATION  

In this developing technological age with applications becoming readily dependent on expensive 

electronics, computerization, and complex material fabrication; detection of environmental and 

innate physical properties through sensor technologies becomes an imperative inclusion. In 

recent years, magnetic sensing has seen increasing interest in multiple fields such as biomedical 

engineering and applied geotechnical systems, with investment opportunities spanning from 

military to commercial entities [1-5]. Complex smart materials and metamaterials have also 

entered public domain meeting a variety of needs with high threshold sensing capabilities [6, 7].  

Unconventional Oil and Gas (UOG) resources have played a large role in the development of 

new and improved magnetic sensors, to fully captivate the complex situations that wellbore, 

subsurface hydraulic fracture geometry, and large-scale pipelines have introduced [8-10]. Down 

hole characterization of innate magnetic field parameters has been left largely to nuclear 

magnetic resonance (NMR) and fluxgate magnetometer (FMG) sensors for UOG resources, and 

few improvements have been proposed in recent years [2]. Consolidation of sensor types is the 

next big step for systems involved in measuring while drilling (MWD). As of the current 

iteration of MWD for down hole applications, multiple sensor types such as the tri-axial FMGs, 

tri-axial accelerometers, and mud-pulse telemetry systems have been developed [2]. 

Consolidation of sensing types adds complications such as maintaining high sensitivity, 

matching interconnect types, scaling, and price considerations. These limitations may have 

contributed to the few recent improvements in MWD systems. 

While UOG resources have a major need for MWD system improvements, fields such as 

biomedical engineering and aerospace have a similar need for unique system designs which 

either consolidate or update current sensing systems. One such sensor design that has shown 

increased interest of late are ones that involve magnetostriction, or electromagnetic induced 

strain responses in specifically engineered materials [11-13].  Magnetostrictive based sensors 

have seen an increase in popularity due to interchangeable configurations resulting in varied 

effective inputs, such as force and displacement [14]. Additionally, magnetostrictive materials 
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effective sensitivity ranges are broad and diverse, with specifically engineered materials like 

Terfenol-D demonstrating marked improvement compared to the conventional Nickel element 

sensors, when exposed to high intensity magnetic fields [15-17]. Fields such as UOG and 

Aerospace have begun to utilize magnetostrictive materials to perform a variety of techniques, 

such as pipeline monitoring [18, 19] or embedded structural sensing [20]. While magnetic 

sensing serves its purpose in the described situations, fiber optic sensing (FOS) can be applied in 

similar fashion but have a number of addition benefits.  

FOS technologies are well known for their cheap distributed characterization alternatives for 

temperature, pressure, and flow analysis [21-24]. Due to innate low loss mechanics, extreme 

temperature sensing capabilities, and fully distributed sensing capabilities, FOS are becoming an 

increasingly attractive option for many different applications such as UOG resources and 

aerospace [25]. Both Fabry-Perot interferometers (FPIs) and fiber optic Bragg gratings (FBG)s 

have also introduced effective collection and interpretation of multiple external input sources 

with multiparameter sensing [25]. Continued development of multiparameter fiber optic sensing 

techniques will assuredly benefit multiple fields and offer a more attractive product compared to 

conventional single parameter sensing types.  

Due to the performative and cost efficacy of FOS technologies and magnetic sensitivities innate 

in magnetostrictive materials such as MetglasÊ, Terfenol-D, and Nickel; a first of its kind real-

time distributed magnetic FOS system capable of differentiating multiparameter inputs such as 

low frequency acoustic vibrations, electromagnetic waves, and high temperature inputs, will be 

reported here. Utilizing distributed acoustic sensing (DAS) and laser inscribed FBGs, the 

proposed system improves upon current MWD technologies and provides a cheap and effective 

system for emerging UOG plays and other fields that could benefit from a distributed 

multiparameter magnetic sensor such as aerospace or civil engineering.  

As presented in Figure 1.1, a multi-material sensing fiber has been fabricated using 

magnetostrictive materials such as Nickel, Metglas, or Terfenol-D and has been incorporated in a 

fused silica cladding at a numerically evaluated optimal core distance. Through the external 

electromagnetically induced material strain, the affected FBG based interferometer will relay that 

external data at specific points throughout the distributed fiber, demonstrating locational 

accuracy.  The sensing system described utilizes DAS to interrogate the response of various 
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multi-parameter inputs, such as magnetic and acoustic fields, or magnetic fields and temperature, 

by monitoring the modulation of the refractive index, and the decrease in fringe separation with 

the fiber elongation induced by the magnetostrictive material.   

 

Figure 1.1: Distributed magnetic sensing fiber 

Theoretical and numerical analysis of the proposed system are detailed in chapters 2 and 3, 

respectively. The intent with these chapters is to provide robust background and an optimized 

design before beginning the fabrication. Chapter 4 will capitalize on numerically optimized 

designs and provide details into preform design, waveguide fabrication, and detailed views of the 

produced fiber through scanning electron microscopy. Chapter 5 will demonstrate custom 

designed lab set-ups to imitate environmental testing procedures. These environmental testing 

systems include computer controlled low frequency acoustic emitters, temperature nodes, and an 

electromagnetic coil. The intent in building the environmental housing is to provide external 

inputs equivalent to something that may be experienced in a down hole sensing environment. 

Chapter 6 will demonstrate the close relationship between experimental and numerical values, 

while simultaneously demonstrating the multiparameter sensing capabilities of this sensor 
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design. Finally, Chapter 7 will summarize work done, present next possible steps, and reaffirm 

the novel nature of the multiparameter sensing system.   

1.2 SIMILAR  DESIGNS 

One of the earliest attempts at combining FOS technology with magnetostrictive materials to 

sense magnetic fields, figure 1.2, uses an embedded silica fiber embedded between a bulk 

magnetostrictive jacket [26]. The basic principle of this proposal is the magnetostrictive bulk 

jacket will longitudinally strain when exposed to a magnetic field. This idea was theoretically 

evaluated, and the authors proposed a maximum magnetic saturation value of Ὄ ḙςτ ὕὩ, 

when using nickel as the jacketed material. Although no exact dimensions were given for the 

jacket, the authors suggest the jacketed material as being ñmuch largerò than the single mode 

fiber. 

 

Figure 1.2: A single mode silica fiber, jacketed in magnetostrictive material, presented in [26]  

A follow up paper, published one year later demonstrated expressions for strains induced by 

weak axial magnetic fields in a magnetostrictive jacketed optical fiber [27]. This paper details 

two important points. Firstly, the magnetic field sensitivity is directly corelated to 

magnetostrictive material size, or in this case jacket thickness; secondly, the most important 

parameter in estimating maximum magnetostrictive sensitivity is the electromechanical coupling 

coefficient [27].  

Expanding upon the work done in 1979 and 1980, the magnetostrictive jacket design was 

improved and correlated to alternate fields [28-31]. Besides magnetic field sensing, 

magnetostrictive jacket designs can be applied to current sensing applications like fault 

detection, and protection systems such as relays and alarms [29, 32, 33].   
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1.2.1 IMPROVEMENTS DEMONSTRATED  

Unlike previous sensor designs applied in UOG and magnetic sensing applications, the proposed 

sensor benefits from multiple improvements. Firstly, the proposed distributed multiparameter 

sensor benefits from mechanical and optical robustness. As seen in Chapter 4, the fiber design 

relies on an interior distribution of magnetostrictive material and is not reliant on any external 

bond reliability. Additionally, material mismatching, aging, and strain induced attenuation are 

inherently mitigated.  

As detailed in the 1980s jacketed magnetostrictive sensor design [27] electromechanical  

coupling directly contributes to an increase in magnetic field sensing. Due to the close proximity 

to the sensor core and the heating and bonding of the magnetic materials during the fiber draw 

process, the induced magnetostrictive strain sensitivity shows increased performance, Ὄ ḙ

χψω ὃȾά, at sub ςπ ‘ά magnetostrictive material diameter thickness. In addition to the 

improved sensing performance, a decrease in cost can be noted due to the traditional optical fiber 

manufacturing techniques used. Further, longer lengths of fiber can be fabricated with a single 

optical preform. Approximately 20 km of ςππ ‘ά fiber can be produced from a 1 meter long 

optical preform, with a 20 mm total diameter.  

The proposed design is built with the intention to be immediately applicable into current MWD 

techniques for UOG resources, but may additionally be applicable in pipeline monitoring, current 

sensing, and structural sensing applications [34-36]. Due to the small sizing of the resulting 

optical fiber sensor, ḙςππ ‘ά, small sized boreholes for angled MWD applications may be 

pursued [37, 38].  

Finally, due to the inclusion of distributed FBGs and the multiparameter sensing capability 

attained from ultra-sensitive πȢς ὲ‭ DAS, the optical fiber has no need for additional 

sensing components thereby reducing total size and making it immediately useable into a variety 

of functions. The following chapters will detail the theoretical, numerical, and experimental 

framework of this project, to provide proof of concept and novelty of the resulting optimized 

structure.  
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2. THEORY  
The following chapter will introduce the key theoretical components which act as a framework to 

the COMSOL Multiphysics Numerical modeling, optimization, environmental set-up, and sensor 

fabrication.  

2.1 ELECTROMANGETICS  

To first understand how a magnetostrictive material reacts to an external magnetic field, it is 

important to describe the fundamental aspects of electromagnetic theory. The best place to start 

for this work will be with Amperes law, due to the work performed in Chapter 5 demonstrating 

an environmental testing lab set-up with an electromagnetic wave emitting air solenoid. 

Ampereôs Law is a classic electromagnetics equation which relates the line integral of the 

magnetic field to the current enclosed by the integration loop [39]. This relationship can be seen 

in the integral form: 

 ὄ ϽὨὰ‘Ὅ  2.1 

Where ‘ and Ὅ  are the permeability of free space and enclosed current, while Ḃὄ ϽὨὰ is the 

line integral of a current induced magnetic field ὄ, measured in Tesla. Additionally, the 

differential form is expressed as:  

 ᶯ ὄ ‘ὐ 2.2 

The differential form easily communicates the intent, specifically relating the curl of the 

magnetic field ɳὄ to the current density ὐὼȟώȟᾀ and magnetic constant ‘. Applying these 

equations to a circular system, a new unit of measure can be used to include the effects of 

magnetic materials, called magnetic field strength Ὄ, measured in . The magnetic field strength 

demonstrates a proportional relationship to the induced current strength ὌᶿὍ and an inverse 

relationship to the radius of a circular loop Ὄᶿ . 
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Figure 2.1: Graphical Representation of Ampereôs Law. Where the current Ὅ in the ring ὅ 

causes field ║ , which is approximately uniform over the region of the small ring ὅ. 

Generation of a nearly uniform magnetic field in experimental settings, largely relies on an 

electromagnetic coil.  The electromagnetic coil is composed of a circular conductor such as 

copper wires and works by introducing a constant current to the conductor. As described by 

Ampereôs Law, a circular magnetic field will be generated by the circular wire turns. A general 

rule of thumb is the more rotations of the conductor, the stronger the resulting magnetic field will 

become. To determine the magnetic field strength of a wire wrapped coil, a simple equation is 

presented:  

 Ὄ
Ὅ ὔ

ὒ
 2.3 

Where the magnetic field strength Ὄ is related to the wrapping number ὔ multiplied by the 

current Ὅ, divided by the coil length ὒ. Not demonstrated by the above equation, is the 

dependency of the magnetic field strength on the type of core material. This relationship is 

dictated by a materialôs magnetic permeability and is largely negligible for air solenoids.  

 

Figure 2.2: Air solenoid electromagnet, to generate a controlled magnetic field inside of the air 

core gap, connected to a current producing energy source [39].  

2.1.1 MAGNETISM  

Magnetism can be described as the magnetic dipole moment per unit volume. The material 

response of magnetic fields are represented by distributions of magnetic dipoles, which are 

equivalent to electronic current loops [40]. Magnetism represented as a material-based principal 

can be described by the following: 

 ὄ ‘ Ὄ ὓ  2.4 

Where ‘ refers to the permeability of free space, B is the magnetic field, H and M are the 

applied magnetic field strength and magnetization, respectively. Similarly, Magnetic flux can be 

described by Faradayôs Law.  

  ɮ ὄὸ ϽὨὃ
В

 2.5 
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Which details the relationship between the magnetic field B(t) with the magnetic flux ɮ  over a 

time dependent surface Вὸ.  

Through magnetization and magnetic flux density calculations, three specific types of ordered 

configurations have been discovered and classifications of these materials are based on their spin 

orientations. Spin orientations can be described as atomic moment couplings where when a 

magnetic field is introduced, the atomic moments directions can become parallel, anti-parallel, or 

not coupled.  

 

Figure 2.3: (a) Magnetic moments in specifically designated materials based on atomic moment 

alignment [41]  (b) Magnetization curve [42] . 

Paramagnetic materials, such as dilute transition-metal salts, demonstrate atomic moments that 

are either randomly oriented or partially coupled. From paramagnetic materials three additional 

material types can be categorized based on atomic moment alignment. One of the most useful 

magnetic materials are called ferromagnets, which possesses the ability to spontaneously 

magnetize, and shows hysteresis under applied fields which disappears at the Curie temperature 

[41].  

2.1.2 FEROMAGNETISM  

Ferromagnetic materials commonly originate in transition metals such as, iron, nickel, cobalt, 

and their alloys. Ferromagnetism can be attributed to two quantum mechanical effects: spin, and 

the Pauli exclusion principle. From a quantum mechanical perspective, spin is an intrinsic form 

of angular momentum [43]. Mathematically, the magnetic dipole moment can be described by: 

 ‘
Ὣή

ςά
Ὓ 2.6 

Where ‘ is the magnetic moment, ή is the particle charge, ά is the mass and S is the angular spin 

momentum and Ὣ is the dimensionless g-factor. Unless spins are otherwise preordered, like in 

ferromagnetism, in the presence of a magnetic field spins will realign parallel to that field.  
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Ferromagnetism is also influenced by exchange interactions, the quantum mechanical effect 

related to the Pauli exclusion principle. The Pauli exclusion principle simply states that no two 

electrons with the same spin can exist in the same orbital. Adjacent atoms with unpaired outer 

valence electrons may come together and form parallel electron spins, which can reduce the 

electrostatic energy, making those systems more stable. In Ferromagnetism, the exchange 

interaction between spins is much stronger than dipole-dipole interactions.  

 

Figure 2.4: Representative quantum mechanical spin direction for ferromagnetic and 

antiferromagnetic systems. Where ferromagnetic systems possess parallel spins even in the 

absence of magnetic fields. 

The predominant difference between a ferromagnetic and antiferromagnetic system is firstly the 

spin, and the temperature influence. For an antiferromagnetic system, the spin will spontaneously 

align antiparallel when magnetic fields are applied and at temperatures below the critical 

temperature, typically below room temperature. Ferromagnetic systems will tend to retain some 

magnetization after being subjected to external magnetic fields, described by a hysteresis 

mechanism which disappears at the Curie temperature.  

2.1.3 MAGNETOSTICTION  

Magnetostriction is the mechanical strain response to a ferromagnetic material undergoing 

exposure to a magnetic field. The induced strain response originates from the uniform parallel 

dipole moment re-alignment upon exposure to a magnetic field. Mathematically, the 

magnetostriction coefficients ὔ  relate strain ὼ  to the square of the magnetization ὍὍ [41]. 

The contracted matrix form of magnetostriction is described by the following polar fourth rank 

tensor, where the tensor and matrix coefficients are related by ὔ ὔ : 
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More simply the magnetostrictive strain can be represented by ‗  where the magnetostrictive 

induced change in length ɝὰ is divided by the original length before magnetization. 

Magnetostrictive material interactions have two general resulting phenomena, spontaneous 

magnetostriction and field induced magnetostriction. Spontaneous magnetostriction occurs when 

ferromagnetic materials are cooled to the Curie temperature, and while an interesting discussion 

this form of magnetostriction is not applicable to the proposed sensor design.  

 
Figure 2.5: (a) Typical magnetization curve of ferromagnetic materials. Magnetostrictive strain 

is represented on the y-axis as ‗ , and the x-axis is represented by magnetic field strength. 

(b) Variation of saturation magnetization ὓ  with temperature [44] . 

Field induced magnetostriction is typically represented as a curve, like in Figure 2.5(a) and 

2.6(b) where negative magnetostriction is demonstrated. This magnetostrictive curve 

demonstrates max saturation value ‗ which is the point where the magnetization M, is equal to 

the magnetization of each domain in the demagnetized state. The process of magnetizing a 

ferromagnetic material from zero to ὓ, figure 2.5b, is called ordinary magnetization. Forced 

magnetostriction will only occur when the magnetic field is further increased past the ‗ value, 

and it requires very high magnetic fields. Complete saturation of a ferromagnetic material 

requires a πЈὑ constant temperature and a very high intensity finite field.   



11 
 

 

Figure 2.6: (a) Effects of directional stress „ and magnetization M, on magnetostrictive strain 

[44]  (b) Positive and negative magnetostriction curve [42] . 

Magnetostrictive sensor design can be largely attributed to optimization of strain output in 

ferromagnetic materials. There are multiple ways to optimize a maximum possible strain 

response in ferromagnetic materials. The first way is to select a material with a large maximum 

saturation value, ‗. The second way, predominantly illustrated in this work, will be controlling 

the distribution of stress, such as axial or transverse stress components. As seen in figure 2.6, 

there are specific configurations of implementing stress directions, such as transverse or axial 

stress. For a system experiencing a predominant transverse stress, the result will be lessened than 

a predominantly axial stress component. This preferred strain orientation will depend on the 

crystal type and preferred orientation of the ferromagnetic material. For example, an iron rod will 

demonstrate a preferred orientation, ρ ρ π and perform better in the presence of compression 

than tension, due to preferred orientation being parallel to the iron rod axis. For the sensing 

system proposed here, it should be noted that the two predominant stress types will be transverse 

and axial stress, where axial stress is considered more favorable for the proposed system 

configuration, as demonstrated in Chapter 3.  

2.2 MAGNETOSTRICTIVE MATERIALS  

As described in section 2.1.3, magnetostriction is the distortion of the lattice exhibited by 

crystals when they are magnetically polarized [17]. For cubic crystal structures like Nickel or 

Terfenol-D, there are two magnetostriction constants, ‗  and ‗ . The saturation 

magnetostriction in these cubic structures can be calculated by the following: 

 
‗

σ

ς
‗ ‌‍ ‌‍ ‌‍

ρ

σ
σ‗ ‌‌‍‍ ‌‌‍‍ ‌‌‍‍  

2.8 

Where ‗  and ‗  are ‗ measured along the ρ ρ ρ and ρ π π directions, with ‌  attributed 

to the directional cosigns along which the magnetic moments were saturated, and ‍ represents 

the directional cosines where the saturation magnetostriction was measured [45]. For systems 



12 
 

such as Metglas, there will be only one magnetostriction constant, due to the having an 

amorphous metallic structure. The following sections, 2.2.2-2.2.4, will describe the material 

properties pertinent to the proposed sensor design in addition to providing background to the 

COMSOL v5.4 material inputs.  

2.2.1 NICKEL  

Nickel (Ni) is a face centered cubic (FCC) transition metal that demonstrates ferromagnetism at 

room temperature. The magnetostrictive properties of Ni have been largely characterized. As 

Nickel possesses an FCC structure, there are two magnetostrictive constants. The values for the 

magnetostriction constants ‗  , ‗  , and the saturation magnetostriction ‗ have been 

calculated to be: 

‗ τφ ὴὴά   ‗  ςτ ὴὴά  ‗  στ ὴὴά 

Nickel is particularly useful in fiber-based sensing techniques. As bulk Ni exhibits both negative 

and positive magnetostriction, meaning a Ni powder can be used as a ferromagnetic medium in 

fiber optic preforms and reorient to external magnetic fields thereby straining through contractive 

mechanisms and exert a measured force on the optic core during both perpendicular and parallel 

magnetic fields, without the need for directional ordering of the magnetostrictive material. Ni has 

a generally lower magnetostriction compared to specifically engineered alloys like Metglas or 

Terfenol-D. However, Ni based multi-material preforms are easier to fabricate and process 

compared to the other ferromagnetic materials listed.  

It is additionally important to detail the COMSOL material property inputs and will be done so 

here:  

Material Propert ies, Ni Variable Value Unit  

Density ” 8908 ὯὫȾά  

Relative Permittivity ‭  1 ρ 
Youngôs Modulus Ὁ 220 Ὃὖὥ 
Poissonôs Ratio ’ 0.305 ρ 

Saturation Magnetization ὓ  ρὩ ὃȾά 

Saturation Magnetostriction ‗ -34 ὴὴά 
Initial Magnetic Susceptibility … 200 ρ 

Table 2.1: Ni material properties 

2.2.2 METGLA S® 

Metglas® is a unique ferromagnetic non-crystalline structure which boasts ability to demagnetize 

quickly and maintain a maximum relative permeability of around ρȟπππȟπππ. Metglas® 

2605SA1 ὊὩ Ȣὄ ȢὛὭȢὅȢ  demonstrates high magnetostriction upon exposure to weak 

magnetic fields ς ὯὃȾά and is an attractive ferromagnetic material in many sensing 

applications. Unlike crystalline structures such as Ni or Terfenol-D, Metglas® possesses only 

one magnetostriction constant due to the amorphous nature of the structure. The saturation 

magnetostriction constant was calculated to be: 
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 ‗ḙ ςπ ὴὴά 

Additionally, the material properties imported into COMSOL are as follows:  

Material Propert ies, Ni Variable Value Unit  

Density ” 7180 ὯὫȾά  

Relative Permittivity ‭  5 ρ 
Youngôs Modulus Ὁ 100 Ὃὖὥ 
Poissonôs Ratio ’ 0.38 ρ 

Saturation Magnetization ὓ  ρȢςχὩ ὃȾά 

Saturation Magnetostriction ‗ 27 ppm 

Initial Magnetic Susceptibility … 200 ρ 
Table 2.2: Metglas® material properties 

2.2.3 TERFENOL -D 

Terfenol-D or Ὕὦ ὈώὊὩ where ὼ πȢχ πȢχυ and ώ ρȢψ ςȢπ is a compound 

designed to maintain high room temperature magnetostriction and lower the magnetic anisotropy 

of rare compounds such as ὝὦὊὩ and ὈώὊὩ. The crystalline cubic structure for Terfenol-D can 

be seen in figure 2.7, where a single crystal growth technique was used to produce this 

compound.  

 

Figure 2.7: Terfenol-D cubic structure representation [42] .  

Unlike ferromagnetic Ni, Terfenol-D prefers to align along the ρ ρ ρ direction, and shows a 

much higher strain anisotropy ‗ ḻ‗  with magnetostriction constants and saturation 

magnetostriction values calculated at:   

‗ ḙωπ ὴὴά   ‗ ḙρφππ ὴὴά ‗  ωωφ ὴὴά 
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Due to the growth mechanisms, Terfenol-D is purchased in sheets of material. While useful in 

thin film applications is not conducive to ease of manufacturing in optical preforms. For this 

purpose, only a numerical evaluation of Terfenol-D will be pursued. The material properties 

translated to COMSOL are as follows: 

Material Propert ies, Ni Variable Value Unit  

Density ” 7800 ὯὫȾά  

Relative Permittivity ‭  5 ρ 
Youngôs Modulus Ὁ 120 Ὃὖὥ 
Poissonôs Ratio ’ 0.5 ρ 

Saturation Magnetization ὓ  ςὩ  ὃȾά 

Saturation Magnetostriction ‗ 996 ὴὴά 
Initial Magnetic Susceptibility … 200 ρ 

Table 2.3: Terfenol-D material properties 

2.3 OPTICAL FIBER SENSOR OVERVIEW  

Optical fibers have been used in many applications over the years, from telecoms to passive 

temperature sensing and UOG resources [46-48]. The typical makeup of an optical fiber sensor 

includes an optical fiber connected to both an optical source and detector. Light is guided 

through the optical fiber and light boundary interaction is dictated by a principle known as total 

internal reflection (TIR). TIR occurs at an interface between two media with different refractive 

indices, such as a fiber core and cladding. The equation governing the angle of refraction 

between two materials is known as Snellôs Law: 

 ὲϽÓÉÎ— ὲϽÓÉÎ—ᴂ  2.9 

Where ὲ and ὲ are the materialôs refractive indices and — is the incident light where —ᴂ is the 

angle of refraction. The core and cladding of an optical fiber will have slightly varied refractive 

indices. Due to the variation in refractive index, there will be a certain angle at which light 

traveling from a high index to a lower index will refract at ωπЈ, known as the critical angle. The 

critical angle can be expressed as:  

 — ÁÒÃÓÉÎ
ὲ

ὲ
ÓzÉÎ—  2.10 

While confined in a fiber optic waveguide, via TIR, light will propagate through the fiber 

unaffected, unless otherwise influenced by external perturbations, such as temperature or 

pressure. When the external perturbations interact with the external cladding of the fiber the 

refracting light will become modulated. This modulated waveform will be collected and 

analyzed by the receiver and the resulting waveform can be demodulated and the influencing 

parameters analyzed.  
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Figure 2.8: Typical components of a fiber-optic sensing system [49] . 

Optical fibers can confine light in two distinct ways, either with single mode or multimode cores. 

Optical modes are defined as the orthogonal solutions to the optic wave equation and the optical 

power of the individual modes are considered additive [50]. For single or multimode cores, the 

maximum information transfer is dictated by the modal dispersion and thereby coupling 

efficiency.  

2.3.1 OPTICAL FIBER SENSING TECHNIQUES 

Unlike many other non-destructive testing (NDT) applications, FOS are an attractive option due 

to their robustness, scalability, and immunity to electromagnetic (EM) interference. FOS have 

been continually improved to fit many varied applications such as, curing rate sensors, internal 

stress, and deformation sensors, and of course MWD downhole sensors. Additionally, FOS 

technologies demonstrate wide bandwidth, high sensitivity, and integrated telemetry [51].  

FOS techniques can be generalized into three general categories, interferometry-based sensors, 

reflectometry-based sensors, and grating based sensors. Reflectometry-based sensors have been 

implemented in long distance and continuous measurements and are based on Optical Time-

Domain Reflectometry [52-54]. Reflectometry-based sensors measure a returned optical 

waveform that has been modulated by an external signal such as temperature or pressure, and can 

possess some form of locational accuracy [55]. For some older applications of reflectometry-

based sensors, external parameter detection worked by measuring excess loss in the fiber region 

[56]. Loss based microbend FOS were popular in industrial safety applications but have since 

been updated with more robust sensor designs.  
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Figure 2.9: Early intrinsic FOS design based on intensity-based microbending [56] . 

Extrinsic interferometry-based sensors, or simply extrinsic sensors, distribute an optical fiber 

waveform into a medium, generally not enclosed by a waveguide, and analyze the modulated 

signal returned from the medium. One popular interferometry technique is known as the Fabry-

Perot (FP) sensor. FP sensors measure the intensity difference between multiple interfering 

signals caught between two reflecting interfaces, figure 2.9a. Signal readouts are dependent on 

the cavity length, and outputs can be affected by pressure change. Another popular 

interferometry-based sensor is called the Mach-Zehnder based sensor. Mach-Zehnder sensors 

measure the intensity of a phase shift variation when two beams are collimated by beam splitters 

from a single light source [57].  

 

Figure 2.10: Two popular interferometry-based sensors, (a) the Fabry-Perot sensor and (b) the 

Mach-Zehnder sensor [57]  
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Grating-based sensors, described more in section 2.3.2, possess at least one grating along the 

core which acts as a band filter. Grating-based sensors can observe returned wavelengths from 

each of the core gratings along the fiber. Signals returned from the gratings act as a sensor along 

the waveguide and can demonstrate quasi-multiplexing capability.   

2.3.1.1 DISTRIBUTED SENSING 

Distributed FOS technologies, based on reflectometry, can be further characterized by their 

scattering type, of which there are three: Rayleigh, Brillouin, and Raman scattering. Distributed 

Acoustic Sensing (DAS) is a Rayleigh scattering technique based on Coherent Optical Time 

Domain Reflectometry (C-OTDR). DAS is of interest in this research due to its long scale 

capabilities and ability to interface with FBGs. In DAS systems, an interrogator sends a pulse of 

light down into an optical fiber and collects modulated data originating from external vibration, 

stress/strain, and temperature.  

 

Figure 2.11: Example of Distributed Acoustic Sensing [57] .  

DAS is widely used in UOG and MWD and offers picostrain levels of sensitivity [58-60]. 

Sensitivity in distributed systems is often the deciding factor when selecting individual units. 

Sensitivity, defined as the minimum detectable input signal, is mathematically expressed as:  

 „
ᾀ

ςὛὔὙ
 2.11 

Where „  is the minimum amplitude, ᾀ is a unitless constant attained from Rayleigh 

distribution, and ὛὔὙ is the backscattered signal to noise ratio [61]. DAS guarantees a robust 

signal collection, assuming appropriate optical fiber fabrication as significant changes in refractive 

indices along the waveguide core will result in false positive signal. When single mode fibers 

(SMF) are used with DAS, qualitative measurements up to 50km in length are possible. Due to the 

distributed passive sensing capabilities, in addition to the robust design and small scales, DAS has 

seen distribution in many different applications. 
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2.3.2 FIBER BRAGG GRATINGS  

Fiber gratings are sensing elements which add a periodic structure onto an optical fiber core 

allowing for reflection interactions to occur at the grating sites. Fiber gratings are able to be 

implemented post fiber fabrication, and the wavelength of the grating reflections are dependent 

on the grating periodicity. Bragg wavelengths ‗ are affected by variations in external 

parameters such as strain, temperature, and vibrations. The Bragg wavelength is mathematically 

determined by:  

 ‗ ςὲ ɤ 2.12 

Where the Bragg wavelength ‗ is correlated to the central wavelength in FBGs, ὲ  is the 

effective refractive index of the core of the fiber, and ɤ is the grating period [62]. Wavelength 

shifts in FBGs can be directly calculated by the ratio of the varied Bragg wavelength ɝ‗ over 

the original Bragg wavelength ‗. 

 
ɝ‗

‗
Ὧ‭ ὯɝὝ 2.13 

Where the ratio ɝʇȾ‗ is measured from the additive strain coefficients Ὧ and temperature 

coefficients Ὧ. Extreme temperature, ωππᴈρρππᴈ exposure in distributed FBGs and 

grating like structures have demonstrated irreversible drift in un-annealed systems [63, 64]. Two 

components of drift have been proposed in recent time. Firstly a ñred driftò around 100-200 h 

may be due to release of frozen stresses generated by the fiber draw process [65, 66]. A ñslow 

blue driftò appearing at 300-500h at a πȢρ πȢυ ὴάȾὬ rate has also been noted in FBGs, but 

unlike the red drift the slow blue drift seems to be predictable [63, 67].   

 

Figure 2.12: Distributed fiber Bragg grating with a constant refractive index [68] .  

To summarize, FBGs periodicity are on the order of ḙρππ ὲά with a maximum change in 

reflectivity of ρπ to ρπ. FBGs are created by laterally exposing a single mode fiber optic 

core to a periodically distributed laser. The periodic distribution of light introduces a fixed index 

modulation permanently changing the index of refraction at the periodic grating points 

throughout the fiber. Individual Bragg wavelengths combine coherently into a specific 

wavelength at half the signal inputôs wavelength, called the Bragg condition.  

2.3.2.1 ADDITIONAL TYPES OF FIBER GRATINGS 

While FBGs remain the predominant grating type in industry, there exists a variety of fiber 

gratings which can be applied to many different situations. Long-Period Fiber Gratings (LPGs), 
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as the name suggests, have longer grating periods, which are typically used in band-rejection 

filters [69]. LPGs are based on the theory of signal transmission, as the gratings direct light out 

of the core and as the cladding modes decay a series of loss bands appear in the core mode.  

Tilted fiber Bragg gratings (TFBGs) reflect oncoming optical signals at a higher angle to the core 

compared to FBGs. Tilting in TFBGs allows the reflected modes to appear in a transmission 

spectrum plot instead of a reflection plot, as in FBGs. Transmission mode is capable of 

interpreting the reflected signals due to the highly attenuating cladding modes. TFBGs are able 

to sense most external influencers such as temperature and strain [70, 71].  

 

Figure 2.13: Transmission (a, c) and reflection (b, d) spectrum comparison for a FBG and TFBG 

[70]  

Chirped fiber Bragg gratings (CFBGs) function similarly to FBGs in that the Bragg wavelength 

‗ ςɤὲ  will reflect at multiple different points along the fiber. Meaning that the periodicity 

of the modulation is changed across the entire waveguide and each different grating reflects a 

different Bragg wavelength.  Chirped gratings are capable of multiparameter sensing with 

external perturbations such as temperature and strain [72-74]. 
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Figure 2.14: CFBG design overview with (a) linearly chirped FBG (b) discretization of CFBG 

into uniform FBGs [72] . 

While there are additional fiber grating types such as superstructure FBGs [75] and multimode 

fibers gratings [76], this work will directly focus on the standard implementation of FBGs. The 

following section will detail a few sensing schemes utilizing DAS and FBGs to sense external 

attributes. Section 2.3.3 will introduce multicomponent capabilities of an integrated DAS and 

FBG system.  

2.3.3 ADDITONAL SENSING PARAMETER TYPES 

In external parameter sensing, while using a fiber optic sensing system, a system will react to an 

external perturbation through elongation, compression, or a variation of both. Gauge length, 

which is the phase difference measured between the backscattered signal is demonstrated by: 

 ɝɮ ὲ
ς“

‗
ὒ‏ ὲ

ς“

‗
ὒ‭  2.14 

Where the strain ‭  is in the direction of the fiber is related to the phase change ɝɮ, and where 

elongation of the fiber over its measured length is ‏ὒ multiplied by the ὲ refractive index and 

the wavelength ς“Ⱦ‗ [77]. Phase changes correlate to sensing external parameters such as 

strain, temperature, and magnetic fields. While methods have been described to sense magnetic 

fields through sensor bonded ferromagnetic material strain through the phenomenon of 

magnetostriction, in the following sections it will be described how fiber optic sensors have been 

used to sense external acoustic and temperature sources, and then delineate between the two 

using multiparameter sensing.    

2.3.3.1 ACOUSTIC STRAIN SENSING  

Acoustic signal sensing in DAS is widely used in microsiesmic application such as down-hole 

sensing like hydraulic fracture monitoring. In down-hole monitoring applications DAS single-
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mode optical fibers are distributed into an array of microphones, collecting acoustic data at 

specifically spaced intervals. Using C-OTDR backscattered 1-to-10-meter channels are 

interrogated independently and simultaneously. Deployment of fiber optic cables in hydraulic 

fracturing monitoring are permanently deployed in vertical and horizontal wells, encased in a 

stainless-steel apparatus to protect from external destructive events.  

 

Figure 2.15: Deployed single-mode fiber optic cables interrogated by DAS in a hydraulic-

fracturing monitoring application. Demonstrating a typical depth versus time plot with multiple 

parallel optical fibers deployed multiple 10s of meters below ground. Color mapping shows 

higher acoustic energies related to warmer colors [78] .  

In down-hole applications both OTDR and the alternate DAS approach of optical time domain 

reflectometry (OFDR), based in the frequency domain, can be used. However, interrogating 

highly sensitive acoustic data from multiple channels using OTDR and OFDR relies on 

interpreting a multitude of backscattered signals. With increased simultaneous acoustic signal 

collection DAS becomes prone to signal fading and may experience data that fluctuates with 

position and time. OTDR based DAS can mitigate this at the cost of spatial resolution, and 

OTDR will decouple the resolution and sensitivity [79].  External signals such as acoustic noise 

will be analyzed and extracted in two ways using DAS. The first method is to extract the time-

based optical phase of each sensor, where an effective sensor data is extracted as the difference 

between the phases of two cells. The second method extracts the time based amplitude data, but 

in case of many clustered sensors, the extracted data will not be linearly dependent on the 

external acoustic signal [80].  

 

2.3.3.2 TEMPERATURE SENSING 

Temperature sensing in fiber optic sensors can be attained through multiple sensing methods. 

Temperature sensing using Brillouin scattering measurement, a nonelastic primary optical mode, 
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is based on confined density changes. Through density changes propagating through the 

waveguide, resonant phenomena occur. When combined with FBGs, changes in density can be 

attributed to temperature or stress. Detection of a Brillouin scattering density change relies on 

estimating central frequency shift, often times in the form of a Gaussian distribution. Similar to 

DAS collection techniques, when Brillouin scattering is attributed to multiple channels analyzed 

over the same time frame, spatial resolution will become a function of the sampling rate. With a 

high data yield the reported temperature will become the average over the set sampling rate. 

Although there are multiple Brillouin scattering techniques capable of temperature sensing, 

called either spontaneous or simulated, the drawbacks are similar.  

 

Figure 2.16: A vertical depth profile of a distributed Brillouin scattering optical waveguide 

plotted against the analyzed temperature outputs. A minimum gauge length of 0.5 m was 

reported [22] . 

Distributed temperature sensing (DTS) can also be used with the Raman spectrum, a nonelastic 

primary optical mode similar to Brillouin scattering. Raman based DTS measures the amplitude 

ratios of Stokes and anti-Stokes signals. Stokes and anti-stokes signals are causality of Raman 

scattering, where an onset light source will inelastically scatter against the molecular bonds of 

the medium. Two distinct frequencies, a lower energy and higher energy, will appear as the 

result of the molecular bond scattering, stokes and anti-stokes respectfully. Due to the distinct 

frequency, a ratio can be formed between stokes and anti-stokes scattering. When temperature 

increases, the anti-stokes frequency will increase in intensity relative to the stokes frequency, 

thereby changing the stokes/anti-stokes ratio. This ratio is measured as a value independent of 

source energy, and only depends on temperature and location [81]. 
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Figure 2.17: Example of scattering phenomena used in DTS [82] .  

FBGs are also commonly implemented in DTS applications, such as cryogenic sensing [83].  

FBGs and Raleigh scattering can be combined for temperature sensing applications, and a variety 

of fiber coatings and claddings, such as polytetrafluoroethylene (PTFE), can increase the 

temperature ranges possible in the respective scattering phenomena. For example, without 

specific coatings, Brillouin scatterings have demonstrated φ ὑ fluctuation below ρς ὑ and 

Raleigh scattering has shown a υ ὑ fluctuation at ςπ ὑ [84].  

2.3.3.3 MULTIPARAMETER SENSING  

Multiparameter fiber-optic sensors are systems that can gather information from multiple 

external or internal sources, such as acoustics and temperature. There are multiple approaches to 

attain multiparameter sensing, such as: Fabry-Perot interferometers, Zehnder and Michelson in-

fiber interferometers, fiber loops, and FBGs and LPFBGs. For the purposes of this work, only 

FBGs will be detailed due to the cost, efficiency, robustness, and high spatial sensitivity.  

 

Figure 2.18: Example of an early multiparameter fiber-optic sensor with only one FBG. Used to 

sense temperature and strain [85] .  

One of the first examples of a multiparameter fiber-optic sensor was a strain and temperature 

sensor which used only one FBG, figure 2.17. Figure 2.17 details a simple method to separate the 
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external forces acting on the fiber. One section of this fiber was epoxied to a surface thereby 

allowing vibrational strains to travel through the structure into the fiber, while the second portion 

of the fiber was unaffixed allowing for temperature measurements [85].   

 

Figure 2.19: Multicomponent fiber optic sensing system. (a) Multi-diameter cladded FBG 

optical-fiber sensor capable of sensing strain and temperature. (b) Alternate thermal 

conductivity profiles along a fully distributed fiber optic FBG strain and temperature sensor 

[85] .  

An alternate multiparameter strain and temperature sensing strategy has also been proposed [86] 

that combines uniform FBGs with larger and smaller cladding diameters, Figure 2.18a. Strain 

demodulation is possible due to the change in thickness between the inner and outer cladding. No 

temperature demodulation was necessary, due to the cladding material sharing the same thermal 

conductivity. Demonstrating similar principles, figure 2.18b details a distributed fiber-optic 

strain and temperature sensor with multiple fiber thermal conductivities. While multi-cladded 

systems allow for demodulation of strain due to changes in material thickness, the multiple 

thermal conductivities in Figure 2.18b allow for temperature demodulation, while the epoxied 

sections gather mechanical strain data.  

UOG and MWD have also pursued multiparameter fiber-optic sensing systems. Wavelength 

division multiplexing (WDM), which converges a number of signals onto a single fiber and 

enabling bidirectional sensing along a single fiber, is typically used Bragg grating-based systems 

in addition to pressure and temperature (P/T) gauges. P/T gauges are used in addition to FBG 

multiparameter sensors. Bragg grating-based sensors have excelled in strain and temperature 

sensing, while P/T gauges are used intermittently along various downhole sensing structures.  

Fiber-optic multiparameter sensor data cannot be delineated with only a single FBG. However, 

multiple FBGs can be used, or integrated with additional sensing techniques such as Mach-

Zehnder interferometers (MZIs), Fabry-Perot Interferometers, or even additional FBG types such 

as LPFBG. A helpful example of signal demodulation is seen in Figure 2.19, where an in-fiber 

MZI and FBG structure are exposed to multiparameter data.   
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Figure 2.20: MZI and FBG structure interrogating multiparameter signals. (a) FBG reflectivity 

peak (b) Sensor transmission curve affected by signal interference (c) Spectra change with 

temperature influence (d) Spectra change with exposure to strain (e) Wavelength shift of FBG 

and MZI to temperature (f) Wavelength shift of FBG and MZI to strain [87] .  

Demodulation techniques change depending on the source of sensing. However, unique FBG 

placements have offered a streamlined way of gathering multiparameter data, without relying on 

interferometer techniques. A triaxial strain sensor has been proposed which uses multiple FBG 

wavelengths. Through changing the FBG wavelengths, transverse and axial data can be 

demodulated by measuring the peak-to-peak separation of the FBGs. Temperature sensing is also 

possible with this configuration for the same reasons detailed by Figure 2.18(a)(b).  

2.4 OPTICAL FIBER FABRICATION  

Optical fiber fabrication consists of first designing an optical preform, often glass tubes of 

specific diameters stacked together and chemically or thermally bonded. Optical preforms are 

then drawn through an optical fiber draw tower, Figure 2.20. Optical draw towers are large 

vertical machines where an optical waveguide medium, in the form of a preform, is drawn 
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through a furnace, cooled, and coated. Draw tower furnaces heat preforms through radiation 

heating above the preform melting temperature ḙςπππᴈ, and with an applied axial tension the 

preform begins to descend elongating into a fiber. Descending from the furnace the fiber cools 

above its melting temperature and is sometimes coated through a UV curing process. 

Interferometric setups can be included for automated FBG writing, in addition to tensile strength 

measurement devices.  

 

Figure 2.21: Optical fiber draw tower components. (a) Furnace schematic of a fiber draw tower 

[88]  (b) optical preform schematic  

Drawn optical fiber diameters are dependent on a number of external and internal parameters 

such as the manufacturing process or the imbedded preform materials. Inability to maintain 

consistent diameters throughout the fabrication process directly relates to transmission loss in the 

end product. In addition, diameter variability correlates to material loss and increased 

expenditure. Arguably the most important factor in the fiber drawing process is the heating 

mechanisms, especially in multi-material preforms as the heating mechanisms directly relate to 

the viscosity, tension, and neck shape in optical fiber fabrication.  

2.4.1 HEAT INFLUENCE  

As an optical preform is fed through a furnace the temperature and viscosity will become 

dependent on the heat distribution. Preform deformation, a viscosity and tension-based event, 

will result in a necked shape eventually leaving the furnace. The necked shape directly effects 

the fiber diameter uniformity, and it has been the goal of many past papers to accurately 
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characterize the shape, viscosity, temperature saturation, and tension of this time dependent 

process.   

 

Figure 2.22: Theoretically evaluated preform heating and drawing process to optimize drawn 

fiber size consistency [89] . (a) Coordinates of an optical preform undergoing radiative heat in a 

draw tower furnace (b) Preform neck size versus temperature distributions for three different 

speeds: ὠ ρππ ὧάȾίὩὧ; ὠ ςππ ὧάȾίὩὧ; ὠ σππ ὧάȾίὩὧ 

From previous work done, ceramic based optical preform size distributions can be calculated 

based on measurable input parameters such as preform size, furnace temperature, and preform 

material properties [89, 90].  Multi -material preforms such as the proposed distributed 

ferromagnetic core design will rely on additional external parameters, such as vacuum and a 

longer preform section to allow the metallic interior to thermally saturate to melting point.  

3. SENSOR MODELING WITH COMSOL  
COMSOL Multiphysics is a numerical simulation software which allows for conventional 

physics and multi-physics interactions using systems of coupled partial differential equations 

(PDEs). With a system solver capable of multi-physics interactions, finite element solutions of 

complex systems of equations can be solved. For this following chapter, when referring to 

COMSOL Multiphysics, version 5.4 will be inferred. It is the goal of this chapter to continue the 

theoretical discussion and demonstrate accurate numerical models to which fabricated sensors 

can be compared and validated.  

3.1 SYSTEM DESIGN 

A ςππ ‘ά diameter Ὀ  fused silica fiber with various numbers of ferromagnetic Ni, 

Terfenol-D, or Metglas rod(s) ὲ , were spaced at a minimum ρπ ‘ά away from a single-

mode germanium doped fiber-optic core was built in SolidworksÊ 2016 and imported to 

COMSOL Multiphysics, Figure 3.1. An additional cylinder Ὀ ςυπ ‘ά was added 

around the silica waveguide as an air barrier and a medium for the magnetic flux. An FBG was 

placed midway along the waveguide at ρπ άά, a minimum spacing between FBGs in a 
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distributed sensing scheme [72]. A ρȾρπ ratio viewing distance will be employed for the 

remainder of this chapter.  

 

Figure 3.1: SolidworksÊ designed sketch to be imported into COMSOL. Domain selection is 

demonstrated and is important to multi-physics interactions. 

Multiple rods, spacings, sizes, and geometries were considered when optimizing through 

COMSOL. Circular ferromagnetic geometry was chosen for multiple reasons. Firstly, although 

possible to fabricate optical preforms with complex stacking strategies, Metglas is commonly 

purchased as a thin cylinder wire and therefore this geometry is used primarily in the model 

design. Nickel, unlike Metglas, is purchasable in powder form making stacking and drawing 

much easier, and allowing additional shaping possibilities. A complex geometry such as a hollow 

crescent or hexagonal silica tube could be filled with Nickel powder without leaving air pockets, 

the same cannot be said for Metglas, where wire stacking leaves small gaps, resulting in 

fabrication issues due to uneven thermal bonding. Secondly, circular geometry seems to impart 

concentric strain distributions in fiber cores whereas geometries such as hexagons or squares 

have non-concentric core strains, further explained in section 3.5.1.  To summarize, a 

magnetostriction effect is placed on a single (or multiple) nonlinear isotropic ferromagnetic 

rod(s), exposed to a uniform magnetic field in the form of a σφπЈ cuboid surrounding the fused 

silica cladded waveguide. The resulting strain imparted on the core is calculated, and the optics 

module is used to analyze the magnetostriction strain imparted on the core. A single FBG is 

added to further represent the fabricated system.  

3.2 MODULE DESCRIPTION  

The following sections will detail the modules used in addition to the boundary conditions 

involved. Solid mechanics (solid), magnetic fields (mf), electromagnetic waves beam envelopes 

(ewbe), and a Multiphysics interaction combining (solid) and (mf) called magnetostriction, were 

chosen as the governing modules. Additional modules such as the thermodynamics and acoustics 
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modules could be included to demonstrate the multiparameter sensing capability. However, only 

an experimental validation of multi-component sensing will be included, further detailed in 

chapter 6 due to simulation density. 

3.2.1 SOLID MECHANICS  

The solid mechanics module is vital in numerically evaluating the magnetostriction effect in a 

distributed optic waveguide. A flexible domain is assumed for the waveguide structure, with 

only one end constrained by a fixed constraint. The fixed constraint disables rotational degrees of 

freedom and enables a ridged domain at the point of application. Fixed constraint endpoints are 

placed on straining ferromagnetic rods and the optic core to emulate an optic connector endpoint. 

Rotation is only possible in the ferromagnetic cores, assuming a mechanical effect is externally 

applied. This effect is dictated by the following equation: 

 ὦ ɱÓÉÎ
‰

ς
 3.1 

Where ɱ and ‰  represent the axis of rotation and the angle of rotation respectively [91]. While 

bulk mechanical rotation is possible, the only rotational component intended to be observed is 

magnetostrictive induced dipole rotation to align with the external magnetic field in the form of 

either axial or transverse strain components.   

 

Figure 3.2: COMSOL simulated environment. (a) COMSOL UI detailing modulus, Multiphysics, 

meshing, and studies used. (b) Constrained ferromagnetic rods and germanium doped silica 

core. 

Nonlinear magnetostriction is included in solid mechanics due to the magnetomechanical 

interaction. As described in section 2.1.3 nonlinear magnetostriction represents a system where 

the domain magnetization ȿ╜ȿ ὓ  is equal throughout the system, but the dipole orientation 

can change orientation as the magnetic field changes, this is determined by the direction vector:  
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Directional dependency of cubic systems undergoing magnetostriction is similarly calculated by 

equation, 2.3, detailed in section 2.2. However, for an isotropic material, which assumes ‗
‗ ‗, the magnetostrictive strain becomes simplified to:  

 ‭
σ

ς

‗

ὓ
ὨὩὺ╜ṧ╜  3.3 

Where ╜ṧ╜ άά . The stress in a similarly isotropic material is defined as: 

 Ὓ ὧ ‭ ‭ ╜  3.4 

Where the stiffness matrix is ὧ and is represented by Youngôs modulus and Poissonôs ratio 

input values. Magnetism is also detailed in the structural mechanics module, and while not 

differing largely from the already described theoretical overview, it is important to understand 

the addition of the Langevin function in a nonlinear magnetization system. The Langevin 

function is a mathematical expression which describes the susceptibility of non-quantum 

mechanical magnetic dipoles. In COMSOL Multiphysics magnetostrictive systems are analyzed 

by both nonlinear magnetization and the Langevin function, detailed in the following equations: 
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Where ὒ is the Langevin function and …  is the magnetic susceptibility. Magnetization is solved 

first for the magnetic vector potential ὃ and simultaneously for the magnetic field, ὄ. Magnetic 

field strength, Ὄ, is then obtained as a function of B-field and magnetization [91]. The solid 

mechanics module is attributed to all domains (2,3,4) excluding the atmosphere, which contains 

the induced magnetic field.   

3.2.2 MAGNETIC FIELDS  

Magnetic fields are included in COMSOLôs AC/DC module and is used to calculate reactions to 

induced magnetic fields and current distributions. This specific physics interface solves 

Maxwellôs equations, of which Amperes law is the primary node detailed and filled by users. 

Through the Ampereôs law node, constitutive relations such as the magnetic vector potential and 

its properties such as relative permeability can be specified. For the simulated environment, a 
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constant magnetic field is applied in atmosphere around the waveguide, similarly to down hole 

environments.  

 

Figure 3.3: Magnetic field physics applied to an external atmosphere. (left) Amperes law user 

inputs with the relative permeability selected as the input equation (right) Sectioned isometric 

representation of the magnetic field sensor with the externally applied magnetic field highlighted 

in blue.  

A secondary node, Ampereôs Law, Magnetostriction, is chosen for domain 4, which works in 

tangent with the solid mechanics module when combined in the magnetostriction Multiphysics 

module. There was no remanent magnetization selected for this specific node, as the 

magnetization of the ferromagnetic material will not be time dependent for this simulation.  A 

final node, labeled Magnetic field 1, is applied to domain 1 and represents the constant magnetic 

flux applied to this simulation. A preset value of Ὄ χ ὯὃȾά is applied axially along the entire 

waveguide.  

3.2.3 ELECTROMAGNETIC WAVES , BEAM ENVELOPES  (ewbe) 

Electromagnetic waves, beam envelopes, is based on the wave optics module and specifies the 

distribution of electric and magnetic fields along some medium where the field amplitude varies 

marginally along the selected path.  This module was selected to detail the physics involved in 

the optical component of C-OTDR based DAS. A unidirectional approach was taken where an 

optical wavelength, ‗ ρυυπ ὲά, is generated on one side of the waveguide and 

propagated through the germanium doped core, where the refractive indices of the core and 

cladding are ὲ  ρȢτφτ and ὲ ρȢτυχ respectively.  

EM waves, beam envelopes, is dictated by the first wave vector which is simply relating the 

amplitude and phase to the Helmholtz equation. This can be mathematically visualized by: 
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Where Ὁρ and ‰  are the amplitude and phase, respectively. The first equation can be solved 

when the second definition of the electric field is substituted into the Helmholtz equation, 

resulting in only one unknown, E1 [92]. To simplify for the user, the wave vector, first wave 

inputs can be generated automatically or for more refined wave distribution problems, manually 

calculated using the above equations.   

 

Figure 3.4: EWBD module optical output, demonstrating high levels of confinement in the 

germanium doped silica core.  

Two ports, which are nodes that start and stop wave excitation, were used on the front and back 

face of the waveguide. Optical power was calculated as the inverse of the optical focal length 

ὖ ρȾὪ, where Ὢ is the focal length.  

3.3 MULTIPHYSICS INTERACTION  

In numerical modeling systems it is often helpful to compartmentalize non-quantum mechanical 

phenomena to specific fields such as electrical or mechanical systems. COMSOL Multiphysics 

implements this method of separating distinct modules into their respective fields but also offers 

a method to combine these physics in a streamlined manner named here Multiphysics 

interactions. A Multiphysics coupling can be an automated or manual process where selected 

physics modules are combined so that interfacing between the already implemented boundary 

conditions are possible. COMSOL additionally includes optimal meshing sizes and distributions, 

named physics-controlled meshing. For the proposed FEA model a mix of automatic and manual 
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Multiphysics couplings are used to best optimize the simulation time while retaining a high 

resolution and accuracy.  

3.3.1 MAGNETOSTRICTION COUPLING  

COMSOLôs magnetostrictive coupling generates boundary condition interconnects for the solid 

mechanics and magnetic fields modules. Capable of validating both indirect and direct 

magnetostrictive effects the Multiphysics interaction has been applied to actuators, sensors, and 

hybrid smart structures. Measurement of magnetostrictive effects can be characterized by direct 

and indirect magnetostriction. Direct magnetostriction is the measurement of a materialôs strain 

as a response to an applied field, while indirect magnetostriction measures the saturation 

magnetostriction ὓ . 

 

Table 3.1: Inverse and direct magnetostrictive effects [93] .  

 

Figure 3.5: Joule magnetostriction effect (a) Electromagnetic solenoid exposing a ferromagnetic 

material to a magnetic wave and demonstrating the resulting shape change due to elongation. 

(b) General magnetic flux and magnetic field waveforms [94, 95]. 

Only direct field induced magnetostriction will be reported, specifically the Joule 

magnetostriction effect. Joule magnetostriction details the ferromagnetic shape change when 

exposed to a magnetic field, figure 3.5. As described in section 2.1.3, a direct field induced 
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magnetostriction versus magnetic field plot will demonstrate maximum saturation value. 

Validation of the numerical modeling accuracy will first compare the ȾὄὝ curve for each of 

the three ferromagnetic materials and then compare to experimentally collected results.  

3.4 MESHING  

In FEA 2D and 3D geometries are broken up into discretized parts where a system of equations 

based on implemented boundary conditions can be solved for each discretized part over the 

entire geometry. A mesh is an amalgamation of discretized parts known as elements. These 

elements can be implemented in various forms, such as a tetragonal, hexagonal, swept meshes, 

etc. Depending on the complexity of the geometry it may be preferable to select one mesh type 

over another. For the purpose of the magnetic sensing waveguide without a FBG, both a swept 

and tetragonal mesh were used.  

 

Figure 3.6: Sectioned view of a meshed magnetic sensing optical waveguide.  

Element size has a significant impact in FEA, and directly relates to computational efficiency 

and numerical results. For high quality wave optics COMSOL modeling, it is suggested to start 

with 12 degrees of freedom per wavelength, meaning that a solved answer will generate less than 

1% error. The only requirement to generate this minimum element size is a known wavelength 

where ‗ ὧȾὪ. In the described model, ‗ ρυυπ ὲά therefore allowing for a minimum 
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calculated mesh sizing. Domains 2, 3, and 4, will use a swept mesh with the minimum element 

size required by the wave optics module, while domain 1 will use a course tetragonal mesh. 

Course meshes, or larger average element sizes, are often used on simulated mediums which 

require little analysis and assist in speeding up simulation time.   

 

Figure 3.7: Singular FBG with a grating period of Ώ ωππ ὲά. A higher mesh quality was 

attributed to the FBG compared to the single mode optic fiber core. 

FBG meshing requires a deviation from the swept mesh due to FBG size. A tetragonal mesh with 

extremely fine quality was set for the fiber optic core, with decreasing tetragonal mesh selected 

for the remaining domains. Domain 1 retained the lowest mesh quality throughout all 

simulations. A cylinder was projected onto the fiber core midway point ὒ ɤ  and 

the refractive index changed to a higher calculated value.  

3.5 RESULTS 

Three numerical models using COMSOL Multiphysics have been created to validate 

experimentally collected data and to guide initial fabrication and manufacturing methods. The 

first model, composed of the solid mechanics and magnetic fields modules, was used to optimize 

the number, geometry, and size of the ferromagnetic rods. In addition, the first model was used 

to benchmark strain sensitivity and to compare the first experimental DAS analysis of the sensor. 

Composed of a 1-meter-long silica cladded fiber, with either a single or multiple ferromagnetic 

rods positioned longitudinally along the fiber, and a constant magnetic field distributed 

uniformly around the sensor.  
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To validate the magnetic sensing capability proposed by this research a single ὶ

ςπ‘ά Ni ferromagnetic rod at φπ‘ά core spacing was compared experimentally and 

numerically, figure 3.8.  A uniformly distributed magnetic field was generated around the 

magnetic sensing structure through an EM Solenoid, Chapter 5, experimentally and the resulting 

magnetic flux density was detected. Initial results demonstrate an accurate numerical analysis 

when benchmarked against the first pass Ⱦ ὄ experimental output.  

 

Figure 3.8: Experimental and COMSOL calculated numerical outputs for magnetostriction and 

magnetic flux density. 

A second simulation was produced to further analyze the optical components involved in the 

magnetic sensing system. A ‗ ρυυπ ὲά gaussian beam with a waveform structure calculated 

using ‰ ὩύὦὩȢὯπz ὼ was implemented using the EM beam envelopes module. Upon 

confirmation that each physics, Multiphysics, and studies were outputting acceptable results, a 

third simulation was created which implemented a single FBG midway along the fiber length, 

indicative of a single experimental channel length.   

Due to the success of the first numerical model the geometry, size, and number of ferromagnetic 

rods were optimized. Through changing specific ferromagnetic material parameters, the resulting 

induced optic core strain was changed. Generation of an optimized geometry not only relies on 

excellent strain such that lower magnetic fields can be sensed, but also maintaining the ability to 

have FBGs inscribed during the draw process, this limits the number of ferromagnetic rods 

possible, as well as some geometries. Additionally, an optimized sensor must consider minimum 

separation distance between the fiber-optic core; where minimum separation distance is based on 

the preform stacking tube thickness. Finally, an optimized sensor structure must be consistently 

replicated in fabricated geometries in both ferromagnetic rods and powders, leaving out some 

more complex geometries such as doughnut shaped systems. As demonstrated in the following 
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section, asymmetrical geometries will produce unique strain profiles due to directional dipole 

influencers. These while interesting, will not be considered for use in the final system due to 

manufacturing difficulty with maintaining consistent spacings, like in the asymmetric three rod 

system.  

3.5.1 GEOMETRY OPTIMIZATION  

Multiple ferromagnetic rod geometries were considered ranging from bundled systems to 

singular large diameter rods. Maintaining a similar rod diameters for all proposed geometries, 

ὶ ḙρπ ‘ά, all geometries were simulated using 3D COMSOL Multiphysics 

simulations.  

 

Figure 3.9: Single rod geometries considered ferromagnetic geometries: a) square rod, 

ὶ ρπ ‘ά b) Octagon ὶ ρπ ‘ά c) Circle ὶ ρπ ‘ά d) Ellipse Ὀ

υ ‘ά Ὀ ςυ ‘ά e) Doughnut ὶ ςπ ‘ά ὶ ρπ ‘ά 

Initially only single rod systems were pursued due to the fabrication simplicity. Five general 

structures were considered, figure 3.9, and the resulting magnetostriction emanating from the 

ferromagnetic rod to the core was tested. Resulting magnetostriction plots showed the circular 

ferromagnetic rod as the highest geometric strain compared to the square and octagon. However, 

their reported core strains were within a υὩ  difference and no significant changes in 

axial versus transverse strain components were noted. Both the ellipse and doughnut 

ferromagnetic structures were added to determine basic shape change on axial strain influences 

and not as alternatives to the simple single geometry ferromagnetic rods. Both the ferromagnetic 

ellipse and doughnut shapes demonstrated higher magnetostrictive strains and decreased 

transverse strain components.  
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Figure 3.10: Transverse strain components for three ferromagnetic rod geometries: a) single 

circular rod ὶ ρπ ‘ά b) single ellipse rod, Ὀ υ ‘ά Ὀ ςυ ‘ά c) 

Doughnut shaped geometry ὶ ςπ ‘ά ὶ ρπ ‘ά 

 Due to the success of the doughnut and ellipse geometries additional structures were created and 

investigated. These new geometries pursued the following ideas, close core proximity, increased 

number of ferromagnetic elements, and concentricity. Close core proximity directly increases 

strain projected onto the core and therefore sensitivity, however minimum core proximity is 

limited by optical preform wall thickness. Higher numbers of ferromagnetic elements ties into 

the idea that with increased ferromagnetic elements present within the waveguide, a higher core 

strain can be translated. Finally, concentric elements positioned around the fiber core will reduce 

the transverse strain influence due to directing the magnetic dipoles axially along the waveguide 

resulting in an elongation effect.  

3.5.1.1 FERROMAGNETIC ROD NUMBER  

Five structures were created to increase magnetostrictive strains experienced by the core in 

addition to forcing predominantly axial strain. With an increased ferromagnetic rod number 

higher strains were noted in the majority of the structures. All concentric multi-rod geometries 

also experienced predominantly axial strain components excluding the end ρπ ‘ά of the fiber 

length. A 24-ferromagnetic-rod concentric bundled waveguide performed the best out of every 

structure investigated with approximately ρὩ  higher peak strain experienced in the optic 

core. However, similarly to the doughnut shaped geometry, this structure prevents FBG 

inscription. A σπЈτυЈ material gap is generally acceptable for FBG inscription and by 

removing that much material from the many rod concentric bundled waveguide, a higher 

increase in transverse wave components would appear.  

Two asymmetric geometries were investigated to further validate the relationship between 

ferromagnetic rod geometry and strain wave type. A 9-square bundled system and a three 

asymmetric ferromagnetic rod system were investigated. Interestingly the 9-square bundled 

system performed worse while the three asymmetric ferromagnetic rod system performed 2nd 

best in strain magnitude. Based on these performances a new simulation study was designed 

which investigated the relationship of ferromagnetic rod and core separation distance.  
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Figure 3.11: Multi-ferromagnetic rod geometries: a) 9 square bundled system, ὶ
ςȢυ ‘ά b) 8 circular bundled system ὶ ςȢυ ‘ά c) 2 symmetric circular rods ὶ
ρπ ‘ά d) 3 Asymmetric circular rods ὶ ρπ ‘ά e) 24 circle symmetric rod bundled 

system ὶ ςȢυ ‘ά 

Axial strain was measured as a function of distance and size for a single and dual circular 

ferromagnetic rod system. It was expected that with decreased core to rod distance, in addition to 

a larger ferromagnetic rod diameter, a higher strain would be experienced by the core. Unlike the 

previous simulations a 1-meter simulation fiber was used in addition to higher meshing quality, 

resulting in longer simulation times, but demonstrating more accurate results. Single and dual 

fiber diameters ranging from υ ‘ά to φυ ‘ά were spaced υ ‘ά to φυ ‘ά away from the fiber 

optic core. Total fiber diameter was measured at Ὀ ςππ ‘ά while the fiber optic core was 

simulated at Ὀ ψ ‘ά.  

For the single ferromagnetic rod simulations, the general take away is that with higher 

magnetostrictive rod diameter and closer proximity to the fiber optic core a higher 

magnetostrictive strain is experienced. This trend is seen through the υ ρυ ‘ά spacing 

simulations. Above ςπ ‘ά core spacing only the συ ‘ά rod diameter was tested. Large intensity 

changes were noted in the υπ ‘ά core spacing when the συ ‘ά diameter rod was tested. Shifting 

from υ υπ ‘ά core spacing showed approximately two orders of magnitude change in strain.  
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Figure 3.12: Simulated maximum axial strain as functions of both rod to core spacing and fiber 

diameter. a) Single rods tested from υ ‘ά φυ ‘ά core spacing and  υ ‘ά φυ ‘ά 
ferromagnetic rod diameters. b) Two ferromagnetic rods tested fromυ ‘ά ρπ ‘ά core spacing 

and  υ ‘ά φυ ‘ά rod diameters 

Similarly, to the single rod simulation, two rods simulated as a function of core to rod distance 

and ferromagnetic rod size demonstrated that with increased rod diameter and smaller spacings 

between core and cladding higher magnetostrictive strains are experienced. When spaced further 

than ρπ ‘ά a similar drop in intensity was noted without much deviation.  

3.5.2 OPTICAL COMPONENT  

A single mode germanium doped fused silica core ὶ τ ‘ά was distributed longitudinally 

over a 1-meter total fiber length and the resulting E-field and confinement were imaged and 

compared to existing simulations. Electric displacement field model solutions were based on the 

refractive index equation: 

 ‭ – Ὥ‖ 3.9 

Where the refractive index real and imaginary, – and ‖ respectively, are based on the material 

input parameters. Optical wavelength for these simulations was set as ‗ ρυυπ ὲά.  
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Figure 3.13: Optical module outputs for a ρυυπ ὲά wavelength. a) E-field output as a function 

of length. b) Sectional 2D side view of E-field confinement  

Two boundary mode analysis studies were performed on either end of the optical fiber. Resulting 

mode field analysis indicated high levels of E-field confinement in the core. Waveform 

demonstrated in the E-Field vs arc length plot was based on the automatic input ‰ ὩύὦὩȢὯπz

ὼ. The computed electric field at the input port consists of the wave excitation plus the reflected 

field. Simply translated to the following: 

 Ὁ Ὁ ὛὉ 
3.10 

Where the electric field subscript translates to the port number, and the scattering parameter is 

represented by Ὓ . For a secondary port not experiencing E-field generation, e.g., port 2 in the 

simulated example, the computed electric field is given by: 

 Ὁ ὛὉ 
3.11 

The scattering parameters with index ‖ can be generated by integrating the mode field over the 

port boundary. The scattering parameters for the port boundaries are calculated by the following: 
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Lastly, E-field power flow through the respective ports is given based on a time-average 

Poynting vector, which can be described by: 
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3.5.3 BRAGG GRATING IMPLEMENTATION  

FBG implementation in COMSOL Multiphysics relies on input parameters based on the Bragg 

condition, ‗ ςὲ ɤ. The effective index of refraction ὲ  was calculated through the 

following equation: 
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Where the grating period and length of the fiber are ὖ and ὒ respectively. A single grating period 

of ωππ ὲά was generated midway along the germanium doped fused silica core. A single 

ferromagnetic rod geometry was used as a placeholder until the finalized geometry was selected. 

Parameters to generate the FBG Multiphysics simulation are further detailed in figure 3.12. Both 

Metglas and Ni were used in the FBG simulations in which case the parameters would switch 

with their respective material values.  

 

Figure 3.14: FBG simulation parameter inputs to assist quicker simulation implementation. 

Additional parameters such as Grating period and effective refractive index were set manually in 

the material and study sections.  
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COMSOL FBG designs were benchmarked from recent published works and adapted to 

the new multi-material designs. When adding FBGs to the previous optical simulations, a 

less confined E-field core distribution was noted. However, this is also reported in a 

recent published work which studies the effect of strain induced wavelength shift [96].   

 

Figure 3.15: E-Field distribution in three numerically modeled cases. a) Simulation 2 without 

FBG addition, demonstrating high levels of confinement. b) Simulation 3 with FBG addition, 

showing lower levels of confinement. c) Benchmarked work utilizing similar input parameters 

similarly demonstrating lower levels of E-field confinement.  

 

Figure 3.16: E-field distribution as a function of axis length. a) Benchmarked E-field plot with 

the centerline placed at the FBG [96] . b) Simulated output with FBG placement at ςππ ‘ά. Arc 

length in this situation refers to the x-coordinate length in microns, where 90 ‘ά is the center 

point of the optical core, and the total diameter of the fiber was 180 ‘ά. 

Two final plots of interest are demonstrated, figure 3.15, where the first represent the 

waveguideôs ability to sense at sub < 10 άὝ and a cross section view of each acting load on the 

simulation at one time. The magnetic flux density norm along the optic core axis (arc length) 

shows the observed field intensity along the waveguide.  
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Figure 3.17: Additional plots which demonstrate successful models and assumptions, such as 

sensing at sub ρπ άὝ. a) Magnetic flux density plotted versus a manual cross section, starting at 

optic wave production port (0,0,0) and ending at the receiving port with a (1,0,0) direction. b) 

Cross section plot of every acting load (magnetic and optic), the connected field lines 

demonstrate the magnetic flux density, whereas the light blue surface represent the electric field 

distribution, and the red arrows show the magnetostrictive strain concentration. 

3.5.4 STRAIN INDUCED DISTORTION  

To determine the sensitivity of an FBG exposed to applied strain, a partial derivative of the 

Bragg wavelength ‗ with respect to displacement is needed. The following equation solves for 

the strain of the grating period with respect to the extension of the fiber with length L.  
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Bragg wavelength displacement with strain can be further described as dependent on the 

Poissonôs ratio of the materials affecting it. When the fiber undergoes an incremental change in 

length ɝὒ, the fiber can undergo two effects; the first may increase the distance between gratings, 

and the second may decrease the effective refractive index. The combined effect of both, with 

the inclusion of strain influence, can be represented in the following equation: 
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Where, ɝ‗ is the wavelength shift, ‗ is the Bragg wavelength, ‭ and ” are the induced strain 

and effective strain-optic coefficient, respectively. The effective strain-optic coefficient is 

calculated through: 
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Where ὴ  and ”  are the components of the strain optic tensor, ὲ is the fiber core refractive 

index, and ’ is the Poissonôs ratio. The finished plots of strain influence on FBG wavelength 
shift are ongoing, and the goal will be to generate a similar output to figure 3.15.  
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Figure 3.18: Comparison of wavelength shift as a function of applied strain [96] . 

3.5.5 MODE FIELD ANALYSIS COMPARISON 

FEA mode field analysis results were simulated in COMSOL Multiphysics v5.4, which showed a 

single mode fiber operation at 1550 nm wavelength. Benchmarking the FEA results to 

experimentally collected results predictably demonstrates a slightly higher intensity in the FEA 

model, due to the optimized constraints. Unlike either experimental graph, two vertical lines can 

be seen here, positioned at -4 and 4 ‘ά. This is a consequence of a importing a COMSOL image 

into MATLAB where the grayscale conversion did not affect the fiber geometry lines. Erasing 

the geometry outline in COMSOL before importing into MATLAB would eliminate this artifact. 

The next step for this experiment will be including results from a 100x objective lens to assist in 

matching to FEA quality. Another set of fibers can be tested at this magnification to further 

demonstrate core fabrication quality. Increasing the lens zoom from 40x to 100x will improve 

the number of pixels collected by the IR camera, and thereby improve image quality.  
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Figure 3.19:  COMSOL v5.4 simulated spot size and resulting mode field intensity. (a) mode 

field intensity plotted versus radial position (x-axis) where straight lines at -4 and 4 indicate a 

total diameter of ψ‘ά. (b) Spot size from simulated result plotted in grayscale to imitate 

experimentally collected results. Grayscale spot size was plotted as a function of color intensity 

along the 0,1 direction in this 2D plot of a 3D simulation.  

4. FABRICATION AND CHARACTERIZATION  
As previously described, a multi-material single mode fiber has been developed with a 

distributed magnetostrictive element within the fiber, at around φπ ‘ά core to rod distance. 

Using circular fused-silica ὛὭὕ rods in addition to a same-diameter magnetostrictive element an 

optical preform is created and then drawn on a fiber optic draw tower. The goal of this chapter is 

to demonstrate experimental processes taken to realize a fiber-optic sensing system capable of 

real-time simultaneous distributed measurement of multiple subsurface, drilling, and production 

parameters. 

4.1 PREFORM FABRICATION  

Preform optimization and geometry design are included here to provide a template for 

fabrication. Optical preforms are created through a stacking method where tubes, rods, and 

powders are included in a φ ψ άά outer diameter sleeve tube. Production of a stable 

waveguide requires a minimum ρ άά wall thickness for the inner sleeve tube. Inside of the 

sleeve tube multiple materials such as fused silica, Ni or Metglas, and germanium doped rods are 

stacked, like in figure 4.1. Through the following design it is possible to create consistent 700-

meter fiber samples with one preform.  

 

Table 4.1: Single mode preform stack dimensions.  

Nickel wire/powder or MetglasÊ rods are inserted into the stacked geometry so that the final 

stack is flush with the core rod. Optimization of the magnetostrictive material distribution was 

identified for Nickel, Terfenol-D, and MetglasÊ. A powder filled tube in place of a wire was 

deemed very effective for both Terfenol-D and MetglasÊ. Any non-flushed surfaces when using 

a metal wire may allow for inconsistencies in the draw due to a single sided vacuum applied at 

the top of the fiber while the draw is in progress.  

Preforms can be designed to operate in single mode assuming the operational wavelengths are 

above the single mode cutoff wavelength ‗. 
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Where d, NA, and V are the fiber optic core diameter, numerical aperture, and normalized 

frequency. Assuming a natural frequency of ὠ ςȢτπυ, the core diameter and numerical 

aperture can be calculated for single mode operation. Fiber core and cladding ratios can also be 

maintained upon fabrication of the fiber through: 
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Where Ὠ  is the core diameter of the preform, Ὠ  is the preform diameter, 

Ὠ  is the core diameter of the fiber, and Ὠ  is the diameter of the resulting fiber.  

 

Figure 4.1: (left) single Ni wire stacked preform. (right) schematic of preform design. 

Stock preforms consisting of a core and cladding are first stretched to a smaller diameter prior to 

insertion into the sleeve tube to ensure the single mode operation in a multi-material sensing 

fiber. Stock preforms with an original diameter of Ὠ ḙρψ άά were reduced to a final diameter 

of ὨḙυȢυ άά via an automated glass lathe. 

 

Ὠ
Ὠ’
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Reduced preform diameters are dependent on the above equation where the reduced diameter of 

the preform is related to the torch speed ’, tailstock speed ’ , and the original preform 

diameter Ὠ. 
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Figure 4.2: (left) automated glass lathe schematic. (right) Stock preform and reduced preforms 

fabricated on the automated glass lathe.  

A final stacked preform, figure 4.3, consists of a core rod stacked into an outer sleeve tube with 

metal and silica rods lining the outer edges of the core rod to create a flushed surface. A handle is 

placed at one end of the preform, and the entire system is placed under a slight vacuum during 

the drawing process.  

 

Figure 4.3: Final stacked single mode multi-material preform design. 

4.2 FIBER DRAW TOWER  

A full -scale, three story, fiber draw tower has been used to fabricate the multi-material single 

mode fibers. Optic fiber fabrication takes the following steps. First, the draw tower furnace is 

heated to ͯςπππЈ ὅ so that the front non-stacked portion of the preform begins to melt and 

descend with the help of a mechanical downwards force. Preform feed rate are based on an optic 

measurement, called a diameter monitor, which communicates the fiber diameter once heated 

and drawing has begun. UV curing was used to coat DSM 3471-3-14 onto the fiber cladding, 

which helped ensure a full cure at faster draw speeds ςπ ὧάȾίὩὧ. An automated capstan and 

take-up collect the drawn fiber and spools them automatically up to 700 meters per preform.  
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Figure 4.4: (a) Optical fiber draw tower diagram (b) Multi-material single mode optical fiber 

preform stack design.  

Multi -material melting point differences in the fused silica cladded ferromagnet system is a 

critical component of this fiber draw process. Successful completion of a multi-material fiber 

draw is firstly dependent on the vapor pressure, or boiling point, of the material which will 

dictate if the fiber draw is possible. Upon discovering a compatible ratio of vapor pressures, the 

fiber can be drawn assuming a neck-down region contains metal. Without a neck-down region 

containing metal, the draw may pull from the cladding instead of the core, thereby pushing the 

metal upwards resulting in a failed draw. This phenomenon may be dictated by a combination of 

multi-material surface tension and melting points. 

Another insight into drawing multi-material fibers is that the feed rate will dictate the amount of 

silica you draw. Additionally, the draw rate will determine the size of the metal component. An 

optimization routine balancing the draw rate and feed rate is ongoing. Temperature ramping is 

another important component, where the temperature ramping must be lower than the melting 

point of the cladding when first lowering the preform into the furnace. Finally, a wide hot zone is 

considered preferable for drawing multi-material fibers. Due to the insights gained from initial 

fabrication attempts, consistent multi-material fibers can be drawn with a relatively similar 

ferromagnetic rod diameter and consistent overall fiber diameter over long lengths. 
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Figure 4.5: (a) VT automated glass lathe (b) Three story optical fiber draw tower 

4.2.1 FIBER BEND TEST 

Fiber bend tests were performed to evaluate the strength of the multi-material fibers with the 

addition of DSM 3471-3-14 as a coating. Bend configuration was explored as a method to 

determine stress, as each bending arc will generate a unique stress. Bending arc stress, „, was 

calculated through:  

 
„
ὶÓÉÎ—
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4.4 

Where ὶ is the fiber radius, the Youngôs modulus of a silica fiber is given by Ὁ ρπȢςὩ, R 

represents the relationship between stress and the bending arc, and ÓÉÎ— represents the bending 

arc where the maximum arc would be — “Ⱦς. As such, the maximum stress „ that occurs at 

— “Ⱦς will be: 
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A final bend radius of the acrylate coated multi-material fiber was less than φȢσ άά, which is 

seen in figure 4.6. The calculated bending stress of this fiber with a ὶ φȢσ άά was calculated 

to be ςππὯὴίὭ. 

 

Figure 4.6: Fiber bend test with four bends tested to a final radius of ὶ φȢσ άά. 

4.3 SENSOR FABRICATION  

Single mode core rods have been specially fabricated to work with a preform stacking method. 

Initially an exterior nylon/silicone coating was burned off a CeramOptec® Optran® Ultra 

WFGE fiber and the outer fluorine doped silica cladding removed through hydrofluoric acid 

(HF) fiber etching until the interior germanium-doped core is exposed. The fiber core was then 

inserted into a fiber overclad tube and mounted on an automated glass lathe so that the overclad 

could be collapsed onto the germanium-doped optic core. Core ovality was noted as the result of 

this process and a new method was developed to maintain a circular optical core, figure 4.6.  

It was determined that to reduce core geometry warping, a minimum clearance between the core 

and tube over cladding was required. In addition, the system must remain straight during the 

overclad process to minimize warping. To accomplish this, a πȢυ άά ρȢπ άά and 

ρȢπ άά ςȢπ άά tube was etched in HF to reduce the outer diameter of the smaller tube and 

inner diameter of the larger tube. The smaller tube was inserted into the large tube, and the Ge-

doped core inserted into the remaining space. The multi-layered structure was then collapsed on 

an automated glass lathe. This process led to a highly circular core, which reduced the possibility 

of polarization effects in single mode fibers.  
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Figure 4.7: (left) Initial core rod fabrication method which resulted in an ovular Ge-doped core. 

(right) Improved Ge-doped core fabrication process which resulted in a highly circular core and 

reduced potential for polarization effects in the single mode fiber. 

4.3.1 FBG INSCRIPTION PROCESS 

FBG inscription is performed here by a femtosecond laser, a preferable system due to the ózero 

thermal effectô resulting in much higher inscription precision. A point-by-point method is used to 

inscribe Type II FBGs in pure silica fibers. As detailed in figure 4.7, the optical system uses an 

external shutter to control the onset light beam. Steering mirrors function as periscopes which 

alter the beam to a direction in 3D space. Beam direction is fixed by two irises placed along the 

optical beam path. A half wave plate (HWP) and polarization beam splitter (PBS) are used to 

change the optical power of the linearly polarized beam, while a neutral density filter wheel is 

used for laser power control. The laser system is imaged through an additional periscope, 

composed of two mirrors, which directs the laser beam into an in-line monitor subsystem. A hot 

mirror is used as a beam combiner, which directs the oncoming beam into an objective lens.  

 

Figure 4.8: FBG inscription set-up. (a, b) VT femtosecond laser design to inscribe FBGs on 

optical fibers. (c) Femtosecond laser schematic (d) resulting point-by-point FBG writing on a 

single mode fused silica fiber. 
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FBG inscription requires a precise degree of rotation such that an optical fiber can be positioned 

in the best possible way. To this point, six stages are included in the femtosecond laser set-up: 

An Applied Scientific Instrument (ASI) 3D stage, Physiks Instrument (PI) piezo stage, PI M126 

stage, two Thorlabs rotation stages, and a Newport ESP300 controlled stage. All stages yield a 

πȢρ ‘ά accuracy excluding the piezo stage which is capable of nanometer levels of accuracy. A 

LabVIEW program was created to control all external shutters, stages, and moveable 

components.   

4.4 CHARACTERIZATION  

Analysis of the fabricated structures are performed through multiple avenues. Firstly, SEM 

images and material mapping confirm polishing quality, materials included in the final fiber, 

concentricity, and ferromagnetic rod sizes. A poor polishing quality results in poor optical 

spectrum analysis, so it is important to demonstrate high quality polished surfaces. Fortunately, 

SEM cross sections present a rough estimate of surface quality through peak/valley imaging. 

Alternately, AFM or a very powerful optical microscope could more accurately calculate surface 

roughness, but this was deemed unnecessary.  

Optical micrographs were used to supplement SEM analysis and a good representation of 

ferromagnetic rod geometry, cladding quality, and core location can be gained from these 

micrographs. Optical spectral responses were also tested using a LabVIEW program assisted 

optical spectrum analyzer. At this stage both Ni and MetglasÊ fibers have been drawn with near 

consistent geometry and quality. The following section will detail the preliminary 

characterization of these fabricated sensors. 

4.4.1 SCANNING ELECTRON MICROSCOPE (SEM)  

A JSM-IT500HR combined EDS/SEM system was used to generate images which conveyed 

geometric consistency, polishing quality, and general material information. Dual Nickel rod 

systems with a total fiber diameter of approximately ρͯχυ ‘ά were imaged using a backscatter 

electron detector (BED-C), and a secondary electron detector (SED). BED-C and SED image 

samples slightly different and unique information can be garnered from both. BED-C imaging 

techniques have higher atomic number sensitivities due to the deeper travel depths of the 

backscattered electrons, approximately ρͯππ ‘ά. For BED-C images, a higher atomic number 

material will result in a brighter image, whereas lower atomic number material will appear 

darker. SED imaging can provide more surface level information, compared to BED-C, due to 

the shallower secondary electron travel depth, around υͯπ ‘ά. SED images are useful for 

investigating the topography of a material due to peak and valley analysis. Where brighter 

regions, peaks, are closer to the detector, and darker images, valleys, are further away from the 

detector. Differences in height is measurable as an average roughness or root mean square 

roughness, where resolution is dependent on parameters such as sample tilt and pixel size.  
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Figure 4.9: BED-C images of a two Ni rod fused silica optical waveguide. (left) Zero tilt BED-C 

image of two Ni rods, and a visible Ge-doped fused silica core. (right) ρωЈ tilt BED-C of a two 

Ni rod magnetic sensor. 

 

Figure 4.10: SED image of a πЈ tilt two Ni rod magnetic sensor. SED imaging demonstrated a 

high-quality polish and cleaved optical fiber end face topography. Peak regions along the edges 

of the fiber are assumed to be a biological or polymeric addition and not innate to the fiber, 

possibly added during handling.   
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Optical fiber samples were prepared by reducing to ρπ άά total height, and placing vertically 

upon a SEM compatible sample stage. The vertical fibers were then sputter coated in υͯ ‘ά of 

iridium to make them imageable in the high vacuum SEM environment. SEM stages were 

rotated to observe a top-down view and a slightly tilted view. Next experimental steps could 

include peak valley analysis through a series of slightly rotated images to gather roughness as a 

function of peaks and valleys. However, surface roughness only affects optic fiber coupling and 

roughnessôs to the degree presented are more than sufficient for a high-quality optic fiber 

coupling.   

 

Figure 4.11: SEM images of a 2 Ni rod fused silica magnetic sensing waveguide. (left) SED 

image demonstrating high quality polish but broken or missing Ni rods. (right) BED-C image 

showing a 2 Ni rod system with a geometric vacancy and asymmetric or broken rod.  

An older iteration of the 2 Ni rod magnetic sensing optical fiber was imaged using SEM which 

shows a Ni rod vacancy site, in addition to a broken/asymmetric second Ni rod. The BED-C and 

SED images of this system are useful for a few reasons. Firstly, it demonstrates that a high-

quality polish was performed, meaning a high-quality fiber optic coupling is possible. However, 

possibly due to the speed, handling, or grit progression, portions of the end face have been 

destroyed. Another possible issue could be investigated here, due to the complete lack of Ni at 

the site of the vacancy. While the destroyed Ni rod still shows partial bonding to the 

ὛὭὕ cladding, the other Ni rod site contains no magnetic material. This points to a fiber draw 

issue, which seems to have been resolved in the newer iterations, possibly due to an improved 

balance between heat saturation and draw rate.  

4.4.1.1 ENERGY-DISPERSIVE X-RAY SPECTROSCOPY (EDS) 

EDS is an elemental analysis technique which uses X-ray excitation to characterize atomic 

structures based on their unique electromagnetic emission spectrum. Two systems were imaged 

with EDS to demonstrate the unique locations of ὔὭ, ὛὭὕ, and Ge-doped silica. X-ray mapping 

was used to color map each of the unique materials involved in the sensing structure. A red color 

was used for ὛὭὕ cladding, green was used for ὔὭ, and yellow was set for Ge-doped silica.  
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Figure 4.12: EDS X-ray mapping for three elements involved in the magnetic sensing structure. 

(left) Combined view showing all three materials involved in the structure: ὛὭὕ, Ni, Ge-Doped 

ὛὭὕ. (right) Individual components separated out to provide isolated view of each material 

involved in the sensing structure.  

 

Figure 4.13: Original iteration of the magnetic sensing system imaged with EDS X-ray mapping. 

(left) Combined EDS X-ray map showing the materials present in this system, ὛὭὕ and ὔὭ. 
(middle + right) isolated material components demonstrating only a single Ni rod present in the 

top portion of this fiber. Ge-Doped silica was not added as an X-ray mapping option, but was 

confirmed to be present in the BED-C image. 

4.4.1.2 OPTICAL MICROSCOPE  

Multiple multi-material single mode waveguides were fabricated with diameters ranging from 

ρψπςςπ ‘ά on the fiber optic draw tower. All fibers were coated with acrylate and drawn to 

σππφππ meter lengths. Two and three Ni rod geometries were fabricated, in addition to two 

MetglasÊ rod geometries.   
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Table 4.2: Sensing fiber samples 

 

 

Figure 4.14: Fabricated multi-material fibers. (top) Variable nickel wire geometry centered 

υͯπ ‘ά away from the fiber optic core. (bottom) MetglasÊ rods spaced υͯπ ‘ά away from the 

fiber optic core.  

Micrographs of the fabricated waveguides demonstrate consistent cladding and wire sizes in the 

Nickel system, while MetglasÊ wires demonstrated slightly less consistent rod diameters. This 

may be due to the wire/powder fabrication methods used. For Ni systems, either a wire, with 

consistent outer diameters, or a powder can be used. Powders are inserted into the system 

through a sealed tube, with the same outer diameter as the silica stacking rods. MetglasÊ cannot 

be purchased in either wire or powder form, but instead are purchased as ribbons. Incorporation 

of the ribbons into a preform stack require manual coiling, Figure 4.14, and then melting and 

drawn into glass clad canes. The glass clad canes are what is inserted into the capillary tube and 

stacked alongside the remainder of the stacked geometry.  
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Figure 4.15: (a) MetglasÊ ribbon (b) Glass cladded MetglasÊ rod (c) Final wire diameter and 

length example (d) automated glass lathe elongated glass cladded MetglasÊ rods to be stacked 

in an optical preform. 

4.4.2 OPTICAL  COMPONENT 

The magnetic sensing structures were preliminarily evaluated using spectral attenuation 

measurements via the cut-back method. The cut-back method is a technique which consists of 

performing measurements on a fiber subsection, cut from a main coil. The fiber is cut at a point 

near the launching end, and repeated measurements are performed on the short length of the 

fiber. The results are subtracted and extrapolated to determine the results for the residual long 

fiber length.  

 

Figure 4.16: Fiber characterization set-up: LabVIEW assisted spectral attenuation and single 

mode cutoff measurement station. 
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To obtain the attenuation  via the cut-back method, the spectral plot for a long fiber length 

is subtracted from the spectral plot for a shorter fiber length, and then divided by the difference 

in length between the two. At this stage, attenuation measurements are incomplete due to the 

extremely low loss of the fiber. Single mode cutoff wavelength was confirmed by the abrupt 

drop in light intensity in the spectral plot due to the high attenuation of the second mode. As seen 

in figure 4.16(b), single mode cutoff is reported as ρͯρυπ ὲά.  

 

Figure 4.17: (a) Single mode multi-material fibers spectral responses for a ρ ὠὛ υπ ά length. 

(b) Single mode cut-off identified in a multi-material single mode fiber 

4.4.2.1 MODE FIELD ANALYSIS  

Mode-Field Diameter (MFD) and ñspot sizesò of two different multi-material fibers were tested 

using near-field measurements to further demonstrate optical fiber fabrication quality in addition 

to confirming single-mode operation at 1550 nm. Near-field measurements were made using an 

IR Allied Vision camera and 40x magnifying objective lens.  In fiber optics, the MFD is denoted 

as the optical power per unit area across the end face of a single-mode fiber, as denoted by fig. 

4.18. 

 

Figure 4.18: (a) illustration of mode distribution in a single-mode fiber and (b) definition of 

mode-field diameter under a Gaussian approximation. 

Two fibers, one containing 2 Ni wires and another containing 1 Metglas wire, were first polished 

to ψЈand connected to an FC/APC which was attached to a custom beam analyzer set-up, which 
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imitates the function of a laser beam profiler. A digitized optical spectrum analyzer, laser diode 

driver and temperature controller are attached to the fiber optic cable via the FC/APC connector, 

which generated a nominal wavelength of 1550 nm and output power of approximately 10 dBm. 

One side of the fiber is left polished or cleaved and manually aligned such that it is orthogonal to 

the 40x magnetifying objective lens. The objective lens is additionally aligned so that the 

resulting beam is centered on the IR camera. A LabVIEW based program was used to interpret 

the results collected by the Allied Vision IR camera. Image quality is influenced by the objective 

lens magnification size, beam power, and image gain.  

 

Figure 4.19: a) Experimental set-up, showing the fiber connected to the objective lens and IR 

camera (b) Additional experiment view showing the FC/APC connector leading into the 

spectrum analyzer. (c) Digitized spectrum analyzer connected to a laser diode driver and 

temperature controller.  

The ñspotò intensity, collected by the IR camera, was used to produce the MFD. A MATLAB 

script was developed to translate the figure intensity (y-axis) as a function of the radial position 

(x-axis), which was measured in microns ‘ά. COMSOL v5.4 was used to analyze the MFD 

theoretically and the irradiance of the sample, or radiant flux per unit area, was used as a 

comparative y-axis for the experimental light intensity collected experimentally.  

 

Figure 4.20: Experimentally collected spot size and resulting mode field intensity plotted as a 

function of radial position, or core diameter. (a) In this image a distributed ferromagnetic 

Metglas® element was distributed internally adjacent to a Ge-doped silica core and the 
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resulting intensity from the spot size was plotted to demonstrate single mode output. (b) 

Experimentally collected spot size through an IR camera at 40x magnification.  

Experimentally collected MFD plots demonstrate single mode operation and similar core 

diameters for each of the fibers tested. Measurement accuracy was dependent on the camera 

noise, sensor response uniformity, digitization, and number of pixels in the image. Spot intensity 

decreased in the fiber containing Metglas by ρͯψϷ, however, this decrease could be attributed 

to the air-gap connection between the objective lens and the fiber. As mentioned, a cleave or 

polish can be used interchangeably; however, a cleave could incorporate contamination to the 

surface and thereby decreasing ñspotò intensity. Lens positioning may also have caused a change 

in intensity collected due to the short depth of focus of both the lens and fiber. 

Figure 4.21: Experimentally collected spot size and resulting mode field intensity plotted as a 

function of radial position, or core diameter. (a) In this image a distributed ferromagnetic nickel 

element was distributed internally adjacent to a Ge-doped silica core and the resulting intensity 

from the spot size was plotted to demonstrate single mode output. (b) Experimentally collected 

spot size through an IR camera at 40x magnification.  

4.4.2.2 OPTICAL TIME DOMAIN REFLECTOME TER (OTDR) 

Optical time domain reflectometers (OTDRs) are devices which can characterize the Rayleigh 

backscattered light within an optical fiber. The OTDR distributes optical pulses via an FC/PC or 

FC/APC connector into the fiber optic cable and then monitors the backscattered light at every 

reflection center along the fiber. Returned optical pulse strength is measured as a function of 

light intensity measured in decibels (y-axis) and compared to the length of the fiber (x-axis). 

OTDRs typically contain a light source such as a laser diode, a photodiode detector, and a 

control unit to measure reflection time. 
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Figure 4.22:  Block diagram demonstrating general optical time domain reflectometer (OTDR) 

design and a representation of a magnetic sensing fiber plotted as a function of power loss (y-

axis) and fiber length (x-axis) with descriptions indicating relevant portions of the OTDR plot 

output.  

OTDR was used to optimize the experimental fiber-to-fiber connection of the non-spliced fibers. 

OTDR spectrum analysis here was straightforward, as the first peak denoting the initial Fresnel 

reflection of the Sentek fiber, followed by the reflection sites spawned by the FBGs inscribed in 

the Sentek fiber. Finally, the last peaks denote the magnetic sensing fiber start, a single sensor 

location, and the end of fiber reflection. Connection optimization was based on increasing the dB 

level of the last peak which would indicate a higher level of core confinement for the pulsed 

optic wave.  

Figure 4.22 demonstrates the real-time experimental output of two fibers connected face to face 

and connecterized through a combination of prestress and optical RI fluid. Results are 

characterized in figure 4.23, which describes each of the major peak positions. The OTDR used 

here was an ANDO AQ7260 which had the following settings for each experimental test: a 

wavelength setting of 1550 nm, 10ns pulse width, and a 2km range setting. Fibers were 

connectorized to this OTDR via a FC/PC connector, which required fiber polishing before 

connection to the FC/PC attachment.  
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Figure 4.23:  In-house ANDO AQ7260 OTDR connected via FC/PC to the magnetic sensing 

fiber with a real-time output demonstrating an optimization routine to increase the fiber-to-fiber 

coupling efficiency.  

5. ENVIRONMENTAL TESTING  
In a laboratory setting, experimental detection of acoustic and magnetic signatures requires a 

variety of testing stands that can imitate naturally occurring environmental parameters. As such, 

multiple devices including, electromagnetic solenoids, Helmholtz coils, and a 2-meter scale soil 

test bed for imitative near surface testing, were constructed. In this chapter, each test stand will 

be introduced and the parameters which they attempt to imitate will be characterized. 

Additionally, the picoDAS, created by Sentek LLC, will be introduced along with itsô 3D 

software suite.  

5.1 ELECTROMAGNETIC SOLENOID S 

Three electromagnetic (EM) solenoids have been created to imitate a subsurface environment. 

All  solenoids were wrapped with copper wire with a radius of 3-cm and wrapped on average of 

550 times over a 2-meter length. For a first pass design a modified wooden spool, figure 5.1, was 

created due to the high longitudinal mechanical stability. This design was later exchanged with a 

2-meter-long PVC pipe, similarly, wrapped with copper wire. A final EM solenoid was created 

to work with a 5-meter-long fiber gauge length, with similar wrapping consistency as the first 

two solenoids.  
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Figure 5.1: (Left) First pass EM Solenoid with wooden spool design. 3-cm copper wire was used 

with 550 wraps over 2-meter length. (Right) updated solenoid design utilizing a PVC pipe as the 

base of the wrap. Wrap density was similar in both solenoid designs. Both ends of the solenoids 

were connected to the Variac® and amplifier set-up via alligator clips, which were rated at 10-

Amps.  

All EM solenoids were connected to an RIGOL DGB12 10MHz waveform generator and 

KADHN-HITE Corporation model 7802 impedance matching transformer which could 

alternatively be switched out for a variable autotransformer (model number: TDGC2-2KM), 

Figure 5.3. A variable autotransformer was used due to high level of manual control over low 

voltages specifically over the range of 0V-130VAC.  Both the Variac® and DC/AC amplifiers 

were connected to the EM solenoids via alligator clips connected to the copper wire ends. 

Electrical tape was used to help secure either ends of the solenoid to make sure wrap density was 

consistent.  
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Figure 5.2:  MFD measurement collected via FEA through a COMSOL Multiphysics v5.4 

simulation. (a) Resulting MFD plot generated by a MATLAB script, showing a ψ‘ά fiber core 

diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL 

grayscale plot showing the irradiance distributed over the fiber surface, measured in ὡȾά . 

All solenoids were characterized experimentally and theoretically to ensure consistent magnetic 

field sensing results. A handheld single axis magnetometer (device type needed) was used to 
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characterize the solenoids and Helmholtz coils. Characterization of the solenoids was done by 

first aligning the handheld magnetometerôs sensor longitudinally along the solenoids and 

incrementally testing. A 1-m ruler was used to take the magnetometer further into the solenoid. 

The solenoids were characterized near central axis through some pre-built wooden supports that 

were distributed along the solenoidôs interior.  

 

Figure 5.3:  MFD measurement collected via FEA through a COMSOL Multiphysics v5.4 

simulation. (a) Resulting MFD plot generated by a MATLAB script, showing a ψ‘ά fiber core 

diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL 

grayscale plot showing the irradiance distributed over the fiber surface, measured in ὡȾά . 

Theoretical data was calculated from a magnetic field equation based on the cross-sectional view 

of a solenoid, which can be described as: 
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5.1 

Here the magnetic field ὄ is calculated as a point on the longitudinal axis of the solenoid, ‘ is 

the permeability constant with a value of ρȢςφὉ ὌȾά, while Ὥ is the current in the copper wire, 

N is equal to the number of times the Cu wire was wrapped, ὰά  is the length of the solenoid, ὶ 

is the radius of the solenoid, and ᾀά  is the separation distance between the ends of the 

solenoid to the magnetic field measurement point.  
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Figure 5.4:  DC Magnetic field analysis of a 2-meter solenoid with a PVC cylinder as the 

supporting structure. Experimental data was plotted against the theoretical data calculated from 

a ὄ  B-field output, which was based on a DC input parameter of 5 amps controlled by a DC 

amplifier and validated by magnetometer.  

As demonstrated by figure 5.4, theoretical results closely matched the single axis handheld 

magnetometer measured experimental values. Higher y-axis shift in the experimental data and 

incremental increases and decreases of the magnetic flux density can be attributed to a few 

reasonable explanations. Firstly, as the handheld magnetometer was highly dependent on axial 

orientation, and any slight variation in orientation would significantly affect results, which may 

help explain the incremental increase and decrease in the magnetic flux along the solenoids 

longitudinal axis. Secondly, although there was a high degree of Cu-wire wrap consistency, a 

few cm gaps exist over the solenoids length which may have also added to the incremental 

magnetic field change over the solenoidôs length. Lastly, due to the sensitivity of the 

magnetometer, a constant background magnetic field of τπ‘Ὕ was detected when zeroing the 

handheld device, which resulted in a higher y-axis shift relative to the theoretical results.  
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Figure 5.5:  Measured AC and DC signals of the 2-m and 5-m EM Solenoids using 

magnetometer. (a) DC mapping of the magnetic flux density as a function of current in the EM 

solenoids (b) AC mapping of the 5-m EM solenoidôs magnetic field as a function of time. (c,d) 

AC results of the right and left half of the 5-m EM solenoid calculating the magnetic field as a 

function of time. 

Figure 5.5 represents the additional AC and DC characterization of the 2-m and 5-m solenoids 

where the magnetic flux density and magnetic fields were plotted against the current and time 

respectively. Starting first with the DC mapping of the 2-M EM solenoid when the magnetic flux 

density is plotted against a gradually increasing current, we see a slope value of ώ ρπρςπὼ

σȢρτωω which results in a coefficient of determination value of Ὑ ρ. A 5-meter version of the 

EM solenoid was also constructed and characterized with an AC field. An AC magnetic field 

was generated here using a frequency of χρπ άὌᾀ and a voltage of 15. As this was an earlier 

design, an alternate signal generator and amplifier were used, because of this the 5-m solenoid 

showed a square wave due to the signal generatorôs initial settings. AC mapping of the 2-m 

solenoids, split into two graphs for convenience, were plotted as the magnetic field versus time 

and showed predictable results. 
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5.2 RECTANGULAR HELMHOLTZ COIL  

Ferromagnetic materials such as Nickel and MetglasÊ show a significant change in 

magnetostriction when exposed to magnetic fields of different orientations and magnitudes. As 

an EM solenoid will primarily generate an EM field longitudinally along the length of the 

solenoid, it was important to design a test stand which generated a magnetic field which was less 

longitudinally focused. Helmholtz coils, specifically a rectangular Helmholtz coil, consist of two 

electromagnets aligned parallel on the same axis. A theoretical investigation into rectangular 

Helmholtz coils and their resulting magnetic flux density was based on resent research from X. 

Jing and W. Guo which helped focus the coil design [97].  

 

Figure 5.6:  Theoretical analysis of a rectangular Helmholtz coil and the resulting magnetic 

field distribution [97] .  

Figure 5.6 details the fabricated design, which is composed of 2 T-slotted frames with Cu wire 

wrapped around the edges of the frame. The magnetic sensor is distributed longitudinally across 

the center of the Helmholtz coil laying in the center of the T-slotted frame. Only DC magnetic 

fields were used with this design, and therefore only DC magnetic fields were characterized over 

the length of the Helmholtz coil.  
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Figure 5.7:  Front view of the Helmholtz coil which was wrapped with Cu wire longitudinally 

recreating the rectangular Helmholtz coilôs magnetic field, as seen in figure 5.6. 

Similarly, to results from figure 5.5 when plotting the magnetic flux versus the current for a DC 

based magnetic field the slope was equal to ώ ρπχρȢωὼ υȢσσρρ, which resulted in a 

coefficient of determination value of Ὑ ρ. The magnetic flux density was plotted versus the 

longitudinal direction of the Helmholtz coil, where 0 cm indicated the frontal end of the coil, and 

250 cm relates to the opposite end of the Helmholtz coil.  

 

Figure 5.8: Helmholtz coil experimental output. (a) Magnetic flux measured as a function of 

distance longitudinally, where zero and 250 cm are the ends of the Helmholtz coil, which show 
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sharp drops in magnetic flux. (b)  DC magnetic flux density mapping of the magnetic flux density 

as a function of current.  

5.3 ADDITIONAL TESTING LOCATIONS  

Multiple testing locations aside from EM solenoids and Helmholtz coils have been produced to 

assist with characterizing the multi-parameter fibers to their full extent. Acoustic fields measured 

via the picoDAS was the first sensing scheme of interest, as acoustic perturbations could be 

generated without the need for any fabrication time, unlike the magnetic sensing portion of the 

project. As such, an outdoor testbed, figure 5.9, was created to imitate a near-surface 

environment. The outdoor testbed allowed for more than 100-meters of fiber to be deployed at 

once. A variety of acoustic generating events were employed at this near-surface site, such as 

driving a car nearby and varying types of tap tests. Acoustic results gained from this testbed were 

among the first to be transferred from the 3D picoDAS software to a MATLAB script resulting 

in industry standard descriptive 2D plots.  

 

Figure 5.9: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4 

simulation. (a) Resulting MFD plot generated by a MATLAB script, showing a ψ‘ά fiber core 

diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL 

grayscale plot showing the irradiance distributed over the fiber surface, measured in ὡȾά . 
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A final testing site was created as alternatives to the outdoor testbed and EM solenoids. The first, 

a 2-meter indoor soil testbed which was lined with thermal insulation and connected to digitized 

magnetic, acoustic, and temperature emission sites. The idea behind the soil testbed was that it 

would provide a repeatable environment for continual subsurface testing with a variety of 

controlled emission sites. 2-meters was selected for the length due to the multi-parameter fibers 

having a 2-meter gauge length. Sand was initially planned as the soil type, with additional types 

and concentrations of soil to be gradually added after initial testing. Temperature control was 

important to the late-stage development of this DoE sponsored project, as higher temperature 

multiparameter sensing locations are of current interest to downhole sensing and pipeline 

monitoring applications. Both a 5-meter version of the EM solenoid and soil testbed were created 

to image fibers with 5-meter gauge lengths but are not a predominant focus of this research due 

to the focus on fibers with 2-meter gauge lengths.  

5.4 SENTEK INSTRUMENT LLC | PICODAS SYSTEM  

Interrogation of the multiparameter sensing fiber is performed through a unique distributed fiber 

optic acoustic sensing system, called the picoDAS, which combines FBGs and a time-division-

multiplexing (TDM) signal processing scheme. A distributed feedback (DFB) laser diode serves 

as the source and is operated in a pulse mode by direct laser current modulation. The light from 

the laser is amplified by an erbium-doped fiber amplifier (EDFA). A narrow bandpass (BP) 

optical filter is used to suppress the amplified stimulated emission (ASE) noise from the EDFA. 

The laser pulse then propagates through a 3-port optical circulator to the sensing fiber.  The pulse 

is partially reflected by each of the serial FBGs, and the reflections are routed by the optical 

circulator to a photodetector (PD).  After the electronic amplifier (AMP), the signals are digitized 

by an analog-to-digital convertor (A/D).  The outputs from the A/D are high-speed processed by 

a field programmable gate array (FPGA).   

 

Figure 5.10:  Schematic of the distributed fiber optic acoustic sensing system connected to a 

magnetic sensing fiber containing multiple FBGs.  

Sentek Instrument LLC has created a DAS system, designated the picoDAS, with a software 

suite which offers real-time 3D displays of various parameters such as acoustic waves at each 
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position of the sensing fiber. The 3D software can be manipulated to change scale, gauge length, 

or manipulate the filter type, such as low/high pass filter cutoff frequency. Data storage can also 

be optimized such that an external trigger or threshold of acoustic amplitude results in 

synchronization. One of the most useful features is the real time manipulation of data to show 

one or multiple specific channels. Manual setting of the noise floor in conjunction with isolation 

of channels results in a high degree of user control and quick real-time data analysis. 

 

Figure 5.11: MFD measurement collected via FEA through a COMSOL Multiphysics v5.4 

simulation. (a) Resulting MFD plot generated by a MATLAB script, showing a ψ‘ά fiber core 

diameter with two Ni rods distributed internally and adjacent to the optic core. (b) COMSOL 

grayscale plot showing the irradiance distributed over the fiber surface, measured in ὡȾά . 

The above figure 5.11, demonstrates a real time measurement data from a 5km sensing fiber 

which was interrogated via the picoDAS interrogator, using a 5m spatial resolution. 360 sensors 

were imaged, and the output of a single channel can be seen here. All red lines possess similar 

noise floor of around πȢρφ ὲ‭. The blue line seen in the above image is the high frequency and 

high-fidelity response which shows no cross-sensitivity with any of the other channels. The 

single channel was excited by a function generator which produced an impulse stretch to the 

fiber. 

5.5 STEP BY STEP EXPERIMENTAL SET -UP 

It will be convenient to the flow of Ch6 to refer back to a step-by-step guide which details the 

experimental procedure to capture acoustic and magnetic results. The following section will be 

dedicated to an accurate representation of the experimental set-up procedure. For the following 

section, 5.5, the assumptions will be that a multiparameter fiber with a gauge length of 2m will 

be connected to a picoDAS system, and either AC or DC driven electromagnetic waves, or an 

acoustic amplifier will be the sensing source. All fibers will have the same coating, DSM 3471-

3-14, and either have ferromagnetic Ni or MetglasÊ elements distributed within close proximity 

to the fiber optic core. Lengths of each of the fibers will be variable, with only a consistent 2m 

gauge length to act as the sensing channel imaged by the picoDAS. Splicing and or 






























































































